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ABSTRACT 
A detailed sedimentological study of part of a major phosphate 
deposit within the Middle Cambrian Georgina Basin phosphogenic province 
was undertaken in order to establish a depositional model, to determine 
the sedimentary parameters controlling phosphorite deposition and to 
identify the factors influencing phosphate grade. The study was 
concentrated on the Western Zone of the Lady Annie deposit which, 
together with the Lady Jane deposit, occurs in an elongate north-south 
outlier surrounded by Precambrian basement rocks on the eastern margin 
of the Georgina Basin. 
Field investigations were directed principally towards 
understanding the spatial relationships between phosphorites and 
associated non-phosphatic sediments within the same overall 
palaeoenvironment. Field mapping and measurement of stratigraphic 
sequences and palaeocurrent data resulted in the recognition of eight 
major sedimentary lithofacies: a basal conglomerate-sandstone facies, 
an undifferentiated carbonated facies, a laminate facies, an oncolite 
facies, a skeletal facies, a phosphorite facies, a chert-terrigenous 
facies and a siltstone facies. 
The detailed description of twenty-three vertical sections from 
six trenches which expose part of the phosphorite facies shows that the 
phosphorites consist of a relatively monotonous succession of well 
bedded to laminnted grainstone and packstone phosphorite interbedded 
with chert and minor lenticular beds of fine siliciclastic sediments. 
Wackestone and mudstone phosphorites form minor components in the 
trenches and characteristically occur in the upper portion of the 
phosphorite sequence. 
x 
Thin section petrography of about 74 selected samples from the 
trenches shows that the grainstone-packstone phosphorite varies in 
grain size between very coarse and very fine sand. Grains resemble 
carbonate elastic grains and consist of varying proportions of rounded 
and relatively well sorted fossil fragments (mainly fragments of 
calcisponges and echinoderms), ovulitic grains of indefinite but 
probably skeletal origin, rounded intraclasts, and very minor nucleated 
pellets and oolites. 
Chemical and X-ray diffraction analysis of over 150 samples 
indicates that the Lady Annie phosphorites have a composition similar 
to that of other deposits of the Georgina Basin, which consist almost 
entirely of finely crystalline carbonate fluorapatite. X-ray 
diffraction revealed that silica is the dominant gangue mineral in all 
phosphorites, clays are minor and micas and dolomite are very minor. 
Comparisons are made between the facies observed in the study 
area and similar facies associations described from the modern 
carbonate environments of Shark Bay (Western Australia) and the Trucial 
Coast (Persian Gulf) . The essential climatic, oceanographic and 
morphological factors determining Holocene sedimentation in these areas 
may be applied to the Western Zone of Lady Annie. Although Holocene 
models are applicable .to the sedimentological features of the study 
area, wholly acceptable Holocene models of phosphorite accumulation 
closely similar to the Lady Annie phosphorites are not known at 
present. HowPver, the sedimentary processes controlling the 
distribution of phosphorites on the Santo Domingo platform of Baja 
California do have some relevance. 
It is proposed that the phosphorite deposit is the result of 
the trapping of phosphatic allochems in a semi-protected microtidal 
xi 
tectonic depression marginal to the Georgina Basin epeiric sea. The 
analysis of grain type, textural fabrics and sedimentary structures of 
the phosphorites indicates that reworking, transport and winnowing 
played a major role in the formation of the deposit and in determining 
phosphate grade. Facies distribution within the environment is complex 
and principally reflects the palaeotopography and the local 
hydrological and water depth conditions. The close spatial 
relationship between phosphorite, carbonate and oncolite facies 
provides strong evidence that the deposit formed in a water depth of 
only a few metres, probably in a subtidal-intertidal system. 
Phosphorite formation and accumulation was concomitant with the 
introduction of nutrient-rich transgressive marine waters and 
terminated with the flooding of the area by fine siliciclastic 
sediments. 
It is evident from this study that an understanding of the 
sedimentology of phosphatic intervals is important if the factors 
responsible for the formation of phosphate deposits of potential 
economic interest are to be fully elucidated. 
CHAPTER I 
INTRODUCTION 
This sedimentological study is the result of two years of 
intensive field and laboratory investigations of part of the Western 
Zone of the Lady Annie phosphate deposit in north-western Queensland. 
The deposits form part of an extensive phosphogenic province developed 
during the lower Middle Cambrian on the eastern edge of the Georgina 
Basin (Figure 1). Some 15 other deposits and significant prospects 
have been discovered since systematic exploration began in the middle 
1960's. 
Up to the present, no systematic sedimentological study of the 
Lady Annie-Lady Jane deposit has been undertaken and it was considered 
valuable both from a scientific and an economic point of view to obtain 
a fuller understanding of the depositional environment and the 
processes operating in it; From an economic point of view, Queensland 
Phosphate Limited (QPL), proprietors of the deposit, were particularly 
interested in the possibility of lithological correlations within the 
deposit and in the determination of the main factors which control 
phosphate grade. From a scientific point of view, the aim of the study 
was to develop an understanding of those conditions which are 
responsible for producing a major phosphate ore body. 
The study was restricted to the Western Zone of the Lady Annie 
deposit, where six trenches expose the uppermost part of the phosphatic 
sequence. Although the study deals with a limited area, it is hoped 
that the conclusions reached will add to the understanding of the 
Georgina Basin phosphogenic system as a whole and, furthermore, provide 
criteria that can be used in recognising other ancient phosphorite 
deposits. 
2 
A total of seven months was spent in the field: two periods of 
four and three months between May and September in 1978 and 1979 
respectively. During this phase of the work, detailed surface mapping, 
recording of palaeocurrent data and measurement of outcrop and trench 
sections were carried out. Literature research, drafting of maps and 
sections and laboratory investigations, including sample preparation, 
petrographic examination and chemical and mineralogical analyses, were 
carried out in the Economic Geology Group of the Research School of 
Earth Sciences, Australian National University, under the supervision 
of Dr. P.J.Cook. QPL encouraged the undertaking of the study, 
permitted access to the area and provided much unpublished data. 
1.1 Geographic Setting 
The Lady Annie deposit together with its northern extension, 
Lady Jane, occurs in an elongate north-south trending outlier of Middle 
Cambrian sediments within Proterozoic basement rocks on the eastern 
margin of the Georgina Basin (Figure 1). The outlier covers an area of 
approximately 400 sq.km. between longitudes 139°04' and 139°15'E and 
latitudes 19°25' and 19°50'S approximately, on the Mammouth Mines 
1:100,000 map sheet (Australia 1:100,000 series R631, Sheet 6758). By 
road it is 138 km north west of Mount Isa, the major regional centre 
and airport. Road access to the area is via the sealed Barkly Highway 
and unsealed accessory roads. Vehicle access within the area is good in 
the dry season due to the many exploration and development tracks, 
although some of the tracks are accessible only to four-wheel-drive 
vehicles. An airstrip suitable for light planes serves the area. 
The climate is tropical semi-arid with maximum rainfall in the 
summer months (November to March). Rainfall averages 412 mm at 
Camooweal but is unreliable. Summers are hot and temperatures 
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frequently rise above 36°c~ in winter, day.temperatures are about 24°c. 
Vegetation is of savannah type, made up of open eucalyptus and acacia 
woodland with many local variations due mainly to microenvironments in 
soil and drainage. Hummocky grasses (spinifex) and other grasses form 
the main ground cover. 
Average altitude is 300 m above sea level. Topography is of 
low relief and 
Proterozoic rocks 
is largely controlled by 
form the major highs; 
lithology. Outcropping 
Cambrian sediments form 
low-lying undulating areas in which knolls and small mesas of Mesozoic 
or Tertiary sediments occur. The area is drained by Paradise Creek and 
its tributaries, principally Hilary Creek and Rufous Creek, which 
eventually flow north-east (via Gunpowder Creek and the Leichhardt 
River) into the Gulf of Carpentaria. The streams, which are slightly 
incised into the gentle ·topography, flow only in the wet season. 
5 
1.2 The Georgina Basin 
The Georgina Basin is a large, relatively undeformed, 
sedimentary basin ranging in age from Upper Proterozoic to Lower 
Palaeozoic. The basin has an elongate north-west trending form, and 
covers an area of approximately 270,000 sq. km. in central Northern 
Territory and western Queensland (Figure 2). Its boundaries are 
defined on the east, west, south-west and north by contact with 
Archaean and Carpentarian rocks. The north-west and south-east margins 
are covered by Mesozoic sediments. 
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Previous investigations 
The Georgina Basin has been the subject of extensive geological 
studies and is perhaps the best known Australian Lower Palaeozoic 
sedimentary basin. ~recent review and updating of the stratigraphy has 
been presented by Shergold and Druce (1980), while work previous to 
1972 has been described by Smith (1972). Geological investigations 
·began in the late 19th and early 20th centuries (see Smith, 1972) but 
it was not until the 1930's that the area was studied systematically. 
Whitehouse (1930, 1931, 1936, 1939, 1940, 1941, 1945a,b, 1954) 
established a ~;tratigraphic sub-division of the Cambrian-Ordovician 
sequence which has provided the basis for all later work including the 
" important palaeontological and stratigraphic studies of Opik 
(1956a,b,c, 1958a,b, 1960, 1961a,b, 1963a,b, 1966, 1967a,b, 1968, 
1970a,b, 1975a,b). This work was followed by that of Druce and Jones 
(1971), Shergold (1969, 1971, 1976), de Keyser and Cook (1972), de 
Keyser (1973), Henderson and Southgate (1978), Cook and Shergold 
(1979), and most recently by Shergold and Druce (1980), who identified 
seventy Upper Proterozoic and Lower Palaeozoic stratigraphic units. In 
addition, the basin has been the subject of some petroleum as well as 
phosphate exploration which has further added to the geological 
knowledge of the area. 
History of exploration and discovery of phosphate deposits 
R.P.Sheldon of the United States Geological Survey, a 
consultant to the Bureau of Mineral Resources, Geology and Geophysics 
( BMR) on sect imentary phosphate deposits, reported favourably on the 
prospects of finding phosphorite in the black shale-chert-carbonate 
facies associations observed near Mount Isa during 1965 (Sheldon, 
1966). According to Thomson and Russell (1971), BMR in 1966 detected 
traces of phosphate in the Thorntonia Limestone and in a number of 
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wells in unnamed lower Middie Cambrian units of the Georgina Basin. 
Mines Exploration Proprietary Limited, the exploration 
associate of QPL, with the cooperation of BMR, conducted systematic 
test work on Cambrian and Ordovician sections from all available oil 
wells in the Georgina Basin. The tests revealed anomalous phosphate on 
a regional scale in the basal carbonate rocks of the lower Middle 
Cambrian succession. Particular attention was directed to the 
south-eastern part of the Basin where phosphorites were found 
associated with black dolomitic shales and cherts of the early Middle 
Cambrian Beetle Creek Formation. Gamma ray logs of the wells showed 
anomalous activity due to a comparatively high uranium content of the 
phosphate and were uscld to select possibly phosphatic s~ctions. 
Having established that phosphate occurred within the Beetle 
Creek Formation, QPL prospected a number of areas near Duchess and 
around the eastern margin of the Georgina Basin where the Beetle Creek 
Formation and the equivalent Border Waterhole Formation crop out. 
Prospecting south of Duchess in August 1966 was immediately successful. 
Other areas were subsequently prospected, resulting in the discovery of 
a further nine deposits of which Lady Annie and the adjoining Lady Jane 
deposits are the largest. Other companies were involved in exploration 
at about the same time. International Minerals and Chemicals 
Corporation, which had been active in the area since 1965, followed up 
phosphate intersections in oil wells. These proved to be part of the 
Sherrin Creek and D Tree deposits. They also extended exploration to 
the west, in areas of very poor outcrop. The use of the many water 
bore records and the geophysical logging of eight water bores resulted 
in the discovery of the Wonarah,Alexandria and Alroy deposits. 
Since the discovery of phosphate in the Lady Annie-Lady Jane 
outlier by QPL in September 1967, the area has been intensively drilled 
and trenched in order to establish grade and tonnage for a potential 
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mining operation, and 486;000,000 tonnes of ore averaging 173 P2o5 have 
been proved (Rogers and Keevers, 1976). Several papers relating 
directly to the Lady Annie deposit }l;we heen published. De Keyser 
(1969b) studied the phosphate-bearing Cambrian formations of Lawn Hill 
and Lady Annie, Trueman et al. (1969) studied the mineralogy and 
mineral chemistry of the main phosphori te types, and Rogers and Keevers 
(1976) have described in detail the geology of the deposit and related 
formations in the outlier. These, together with papers relating to the 
Georgina Basin phosphorite province as a whole (Russell, 1967, 1968; de 
Keyser, 1969a, 1973; Thomson and Russell, 1971; Howard, 1971, 1972; 
Cook, 1972, 1973, 1976b; Cook and Armstrong, 1972; de Keyser and Cook, 
1972; Thomson and Rogers, 1974; Cook and Shergold, 1979) and those 
relating to other deposits such as Duchess (de Keyser, 1968; Russell 
and Trueman, 1971; Fleming, 1974, 1977), D Tree (Howard and Cooney, 
1976; Howard and Hough, 1979) and Wonarah (Howard and Perrino, 1976) 
make up a considerable source of information. 
General StratigraphX 
The broad history of sedimentation in the Georgina Basin as 
described by Shergold and Druce (1980) commenced with Vendian (late 
Adelaidian) glaciogene sediments and terminated with possibly 
mid-Ordovician arenites. They recognise three major periods of 
sedimentation ( "tectono-stratigraphic uni ts") which are separated by 
major unconformities or disconformities. The first period includes 
Vendian to Early Cambrian glaciogene and siliciclastic sediments at the 
base which pas::> Jp~r-:1·.js into carbonates and terminate with a period of 
basic volcanism. These sediments are restricted to the southern part 
of the basin. The second period, which makes up the greater area of 
the basin sequence and includes the major phosphate occurrences, 
commences with basal arkosic sandstones and conglomerates and some thin 
basic to intermediate volcanics of early Middle Cambrian age, followed 
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by carbonates interbedded with thin evaporites, fine terrigenous 
sediments, phosphorites and cherts; this phase terminates in the early 
Ordovician. The third period, which has a restricted distribution at 
the south and south-east margins of the basin, is Early to Middle 
Ordovician in age and consists principally of arenites. 
However, the stratigraphic succession of the Georgina Basin (a 
maximum of 2500 m) is characterised by complex facies variations and 
interrelationships. As a consequenc~, stratigraphic nomenclature has 
become somewhat confused, giving rise to a complex rock-unit 
nomenclature. Figure 3, a slightly amended version of a figure 
" presented by Howard (1972) based on the data of Opik and Pritchard 
(1960) and de Keyser (1968, 1969a) summarizes these relationships for 
the area of the main phosphorite deposits. De Keyser and Cook (1972) 
recognized six often diachronous lithosomes (intertonguing sedimentary 
units of essentially uniform lithological character) and used these as 
a basis to discuss the Cambrian stratigraphy of the Georgina Basin and 
clarify the interrelationships of the various rock-units proposed in 
earlier schemes. The major phosphorite deposits of the basin occur in 
the Beetle Creek Formation or its equivalent in the 
Xystridura-Redlichia faunal zone of the lower part of the Middle 
Cambrian. 
According to Shergold and Druce (1980), the Middle Cambrian 
stratigraphy of the eastern margin of the Georgina Basin commenced with 
a patchily distributed fluvial to paralic conglomerate and sandstone, 
the Mount Birnie Beds and its equivalents, which are equivalent to the 
"basal conglomerate-sandstone lithesome" of de Keyser and Cook ( 1972). 
The lithesome ranges in age from late Precambrian to lower Cambrian and 
forms the base of the sedimentary sequence in most areas, resting 
unconformably on Precambrian rocks. This elastic sequence grades into 
interbedded dolomitic carbonate and biohermal carbonate and chert of 
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the Thorntonia Limestone which de Keyser, (in de Keyser and Cook, 1972) 
interpreted as part of a major and widespread "dolomitic lithosome" 
ranging in age from lower Middle Cambrian to Ordovician and also 
including the Camooweal Dolomite and the Age Creek Formation. The 
"dolomite li tho some" is interpreted to have been deposited in 
environments ranging from shallow subtidal to possibly supratidal 
conditions. The Thorntonia Limestone in some areas is overlain by 
chert containing evaporite pseudomorphs consistent with hypersaline 
conditions (Henderson and Southgate, 1978; Southgate, 1980; Southgate 
et al., in press) and has been interpreted as having been deposited 
during a regressive phase. As a result of the regression, local 
karstification of the carbonate surface took place. A second 
transgressive-regressive period is characterized by a variable 
lithological association: carbonates, skeletal sandstones, fine 
terrigenous sediments, phosphorites and chert. This comprises the 
"chert-sil tstone-limestone-phosphori te li tho some" (the Beetle Creek 
Formation, the Border Waterhole Formation and their stratigraphic 
equivalents). This lithosome is everywhere of lower Middle Cambrian 
age and the basal part locally shows intertonguing relationships with 
the Thorntonia Limestone. The sediments are interpreted to have been 
deposited in various environments ranging from shallow marine to 
supratidal. This sequence is followed by a third transgressive phase 
in which fine siliciclastic sediments, the "silt-shale-chert 
lithesome", are interpreted to have been deposited in deeper but still 
shallow marine conditions. The lithosome comprises the Inca Formation, 
the Roaring Siltstone and others, ranging in age from lower Middle to 
upper Middle Cambrian. It has intertonguing relationships with a 
"limestone lithosome" which comprises the Currant Bush Limestone, 
V-Creek, Mail Change Limestone, Devoncourt Limestone, Selwyn Range 
Limestone, Pomegranate Limestone and Chatworth Limestone. The Upper 
Cambrian is restricted to the south and east part of the basin. It 
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comprises limestone, dolomite and quartz sandstone which, according to 
Smith (1972), contain ample evidence of very shallow water depositional 
conditions including ripple marks, cross stratification, mud cracks and 
halite casts. The Cambrian sequence is covered by a largely elastic 
Ordovician sequence. 
On the basis of basinal palaeo-interpretation, and especially 
the shallow marine affinities of the sediments, most authors are agreed 
that the Georgina Basin was a broad and stable epicontinental shelf 
during early Middle Cambrian to Ordovician times (Smith, 1972; de 
Keyser and Cook, 1972; Cook and Shergold, 1979; Shergold and Druce, 
1980). From a compilation of palaeomagnetic and palaeographic data, 
Cook and McElhinny (1979) suggest that the basin was a large shallow 
lobe off a major but relatively narrow east-west seaway during the 
Middle Cambrian. The phosphate deposits formed on the southern side of 
this seaway at a low (near-equatorial) palaeo-latitude. 
1.3 Focus of the study 
Having established the broad geographical and geological 
setting of the Georgina Basin, and by inference of the Lady Annie 
deposit, the following chapters deal with the detailed sedimentology of 
the Western Zone of the Lady Annie deposit, and address the following 
main questions: 
a) What was the local basin configuration and what were the physical 
conditions which resulted in the accumulation and concentration of 
phosphatic sediments in the Western Zone of Lady Annie? 
b) What was the nature and origin of the phosphatic sediments and what 
were the biological conditions prevailing during their 
accumulation? 
13 
c) How did physical and biological conditions vary through the time of 
deposition of the Beetle Creek Formation and associated sediments? 
d) What relationships in space and in time did the phosphorite have 
with other sediments? 
e) Is it possible to develop a comprehensive sedimentary model for the 
Western Zone of the Lady Annie deposit? 
In addition to these theoretical questions, attempts were made 
to answer several questions of a more practical nature: 
f) Is it possible to establish lithological correlations within the 
phosphatic sequence? 
g) Which factors influence phosphate grade within the phosphate 
sequence? 
h) What conditions control the variation in thickness 
phosphorite ore body? 
of the 
i) What characteristics of the Western Zone of the Lady Annie deposit 
are common to sedimentary phosphate deposits elsewhere? 
CHAPTER II 
DETAILED STRATIGRAPHY OF PART OF THE WESTERN 
ZONE OF THE LADY ANNIE AREA 
2.1 Introduction 
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The present chapter is principally concerned with the results 
of detailed field mapping, measurement of stratigraphic sections and 
palaeocurrent determinations in a part of the Western Zone of the Lady 
Annie area. These were carried out in an attempt to understand the 
broader stratigraphic context and depositional system in which the 
phosphorites were deposited. The area mapped, shown in Figure 4, 
covers about 15 sq. km. Within this area six trenches excavated by QPL 
expose the upper part of the phosphatic sequence; the detailed 
sedimentological and petrological studies carried out in the sections 
exposed in these trenches are discussed :l.n the next two chapters. 
2.2 Field and laboratory investigations 
Mapping was carried out using colour aerial photographs at a 
scale of approximately 1:25,000, both for base map preparation and for 
photogeological interpretation; an unpublished outcrop map at a scale 
of 1:10,000 provided by QPL was a considerable aid. Different 
lithological types were systematically sampled for future laboratory 
investigations. The best outcrops in the area are found along the 
several slightly dissected creeks. The higher interfluve areas consist 
of more or less ~ ~ rubble surfaces derived from the underlying 
lithologies, through which rare outcrops manage to survive. Most of 
the rubble is composed of various types of chert fragments, which due 
to their appreciable differences could be used to identify the parent 
rock type, permitting the construction of a "solid" geology map 
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(Figure 6). In addition to the mapping, six outcropping stratigraphic 
sections were measured using a compass and tape. Drill hole 
information was added to two of these in order to extend the section 
into the subsurface. 
Palaeocurrent determinations were made from six sample stations 
(Figure8). In the case of preferentially-oriented fossil fragments 
(5 sample stations), the direction of elongation of the long axis of an 
average of 29 elongate fragments in a specific bed was determined using 
a "Brunton" compass. Direction of pointing of all conical tests was 
noted, since their apices should, on average, point up-current (Potter 
and Pettijohn, 1977). Rose diagrams were constructed to show the 
distribution of both bi-directional and uni-directional fragments. 
Direction of crossbedding, which is nowhere well-developed in the area, 
was measured only at one locality; this was done by measuring the 
azimuth and dip of two sets of planar cross-beddlng. At one sample 
station the directions of dip of the planes of inclination of 30 
imbricated pebbles were measured. A rose diagram of this data was 
constructed to indicate the main current direction on the basis that 
these planes on average dip up-current (Conybeare and Crook, 1968). 
Twenty-two of the field samples were subjected to semi-
quantitative mineralogical analysis by X-ray diffraction, and 136 were 
chemically analysed for P2o5 content (laboratory techniques are 
described in Chapter IV). 
2.3 General stratigraphy of the Lady Annie-Lady Jane outlier 
An excellent description of the Lady Annie-Lady Jane phosphate 
deposit by Rogers and Keevers (1976) is the main point of reference for 
the area. Figure 4 (from Cook and Shergold, 1979) shows the 
interpretative Cambrian geology of the central and southern Lady Annie 
Fig. 4: 
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area and indicates the ar~a of study. To the south and east, the 
contact of Cambrian with Proterozoic rocks is uncomformable, while on 
the western side the contact is faulted along the "Western Fault". 
West of the fault, an area of basement outcrop separates the Lady Annie 
outlier from the D Tree deposit and the main part of the Georgina 
Basin. A northerly-trending line of basement inliers, known as 
"Trueman's Bank" lies in the centre of the outlier and divides the area 
into the "Western Zone" and the "Eastern Zone". The outlier contains 
up to 55 m of Cambrian sediments which are unconformably overlain by up 
to 71 m of Mesozoic sediments (Rogers and Keevers,1976). The Middle 
Cambrian sedimentary sequence in the area, shown in Figure 5, commences 
with a thin and discontinuous unfossiliferous basal conglomerate and 
sandstone unit, the "Mount Hendry Formation" (informal name) which was 
deposited over, and largely derived from, the eroded Precambrian 
basement. It has a maximum thickness of about 3 m and is best exposed 
in the Eastern Zone along the margin of the outlier. 
A carbonate facies, the Thorntonia Limestone, has transitional 
relationships with the Mount Hendry Formation and like it, is best 
exposed in the eastern margin, particularly in Hilary Creek and in the 
southernmost part of the Lady Annie area. It is variable in both 
distribution and thickness, having a maximum thickness of 16 m (Rogers 
and Keevers,1976). It is a sandy dolomite at its base, but its 
dominant lithology is dolomite and dolomitic limestone which contains 
increasing chert bands towards the top. Thorntonia Limestone as a 
whole is poorly fossiliferous but occasional beds contain abundant 
fossils including Redlichia, brachiopods, gastropods and hyolithids 
(J. Shergold, pers. comm. 1978). The trilobites give an Ordian 
(early Middle Cambrian) age for this carbonate unit and a similar age 
for the Mount Hendry Formation is implied. The increasing component of 
chert in the uppermost part of the carbonate facies has been used to 
define an upper "Chert Member" of the Thorntonia Limestone in other 
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parts of the Georgina Basin (de Keyser and Cook, 1972). More recently, 
Henderson and Southgate (1978) and Southgate et al. (1980) have 
described chert beds with evidence of hypersaline conditions 
(stromatolitic textures and pseudomorphs after evaporites) overlying 
carbonates of the Thorntonia Limestone. However, they regard this 
chert as the basal member of the Beetle Creek Formation. 
The Beetle Creek Formation in which the phosphate deposits 
occur overlies and locally intertongues with the Thorntonia Limestone. 
It consists of interbedded coarse to ined phosphori tes, fine-
grained variably phosphatic terrigenous sediments and chert beds. 
According to Rogers and Keevers (1976) a maximum of five phosphorite 
beds separated by phosphatic siltstone has been recognised from drill 
holes close to the Western Fault where the Beetle Creek Formation 
reaches its maximum thickness of 46.5 m. 
Fleming (in Rogers and Keevers, 1976) identified Xystridura, 
Pagetia, (Trilobita), Cambotrophia (Brachiopoda) and Cymbionites 
(Echinodermata) with abundant other unidentified trilobites, 
brachiopods, echinoderms, bivalves and sponge spicules. Other 
identified fauna include Redlichia (J. Shergold, pers. comm. 1 980) ' 
hyolithes including Biconulites, Lingulella, and Aluta (de Keyser, 
-1969b). The trilobite Xystridura gives a Templetonian age (Middle 
Cambrian) for the main part of this formation but the presence of 
Redli~hia, in the lower part of the Formation, indicates that, locally 
at least, deposition began in Ordian time; this is the only known 
occurrence of Redlichia from the Georgina Basin phosphorites, and 
suggests that phosphatic deposition at Lady ~nnie began earlier than at 
the other deposits. 
The Beetle Creek Formation is conformably overlain by the Inca 
Formation which reaches a maximum thickness of 24.4 m (Rogers and 
Keevers, 1976). It is composed of pale and laminated siltstones and 
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shales with frequent intercalations of finely banded and spicular 
chert. It has a fauna of Ptychagnostus gibbus and siliceous tetraxon 
sponge spicules (J. Shergold, pers. comm. 1978), which gives a 
Templetonian age for the formation. No younger Cambrian sediments 
overlying the Inca Formation are observed in this area. In many places 
the Cambrian sequence is capped by Mesozoic or Tertiary sediments. 
Fig. 5:. SCHEMATIC MIDDLE CAMBRIAN SEQUENCE AT LADY ANNIE 
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2.4 Recognition and distribution of sedimentary lithofacies 
As a result of field mapping and discussion with P.N.Southgate and 
P.J.Cook, eight sedimentary lithofacies have been established for the 
study area. The subdivision of the sedimentary sequence into facies 
was designed to facilitate the identification and description of 
individual stratigraphic units which will ultimately provide an 
environmental interpretation. Figure 6 shows the facies distribution 
as mapped in the area and a diagram of facies relationships. 
The eight major sedimentary lithofacies recognized are as 
follows: 
Siltstone facies of Inca Formation 
Chert-terrigenous facies 
Phosphorite facies 
Skeletal facies 
Oncolite facies 
Laminate facies 
Undifferentiated carbonate facies 
Basal conglomerate sandstone facies 
Table I illustrates the relationships between the lithofacies 
described and the accepted stratigraphic nomenclature used by Rogers 
and Keevers (1976), the lithosomes of de Keyser and Cook (1972) and the 
" faunal zones of Opik (1967, 1975). It must be emphasised that the 
facies have complex stratigraphic relationships and do not represent 
time-stratigraphic units. As a result, some of them are difficult to 
relate precisely to the previously-established nomenclature. 
In the following pages the lithology of each of these facies 
will be described and the lateral and vertical relationships between 
them discussed, except for the phosphorite and associated sediments 
which will be described only briefly as they are the main topic of the 
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next two chapters. In addition to the sedimentary lithofacies, other 
phosphatic units, phosphatic chert breccia and chert breccia are 
briefly discussed later in this chapter. 
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the vertical sequence. 
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Basal conglomerate-sandstohe facies 
Distribution and relationship with other facies 
This facies represents the oldest Middle Cambrian sediments in 
the study area and uncomformably overlies eroded basement rocks along 
the eastern margin of the outlier and around the inliers of Precambrian 
basement which make up "Trueman's Bank". However the facies has a 
highly irregular and patchy distribution and variable thickness (up to 
3 metres) both in outcrop and, according to drill hole data, in sub-
surface (Rogers and Keevers,1976) and is frequently absent. The most 
continuous exposures occur outside the area mapped, along the eastern 
margin of the Eastern Zone, while within the study area it is best 
exposed adjacent to "Trueman's Bank" and in the small outliers within 
Precambrian rock east of the main Lady Annie area (see Figure 6). It 
is characterised by well defined vertical and lateral transitional 
relationships with the undifferentiated carbonate facies with which it 
is always associated. This transition everywhere appears to be 
gradational and no sharp contacts were observed. 
This facies was given the informal name "Mount Hendry 
Formation" by QPL geologists and is stratigraphically equivalent to the 
similar basal conglomerate-sandstone units elsewhere in the Georgina 
Basin (the upper part of the Mount Birnie Beds, Riversdale Formation) 
(de Keyser and Cook, 1972). In the study area no fossils have been 
found in this facies and it may range in age from Early to Middle 
Cambrian, although a Middle Cambrian age is preferred on the basis of 
laterally and vertically transitional relationships with carbonate 
facies. 
24 
Lithology and sedimentary structures 
The facies typically consists of a poorly sorted polymict 
sedimentary breccia of angular to sub-angular basement clasts in a 
sandy dolomitic to dolomitic matrix. Clasts are composed of dolomite, 
chert, quartz, quartzite, shale and minor sandstone. In areas adjacent 
to "Trueman's Bank" and along the eastern margin of the main outlier, 
the unit is massive and consists of a chaotically arranged 
clast-supported fabric in which clasts of up to 3.5 cm in diameter have 
a sandy dolomitic to dolomitic matrix (Plate 1a). The unit is 
generally less than metre thick but thickens and coarsens 
significantly towards the basement margins. 
In the small outliers within Precambrian rocks (east of the 
main basin) the conglomerate facies is well exposed, up to 2.5 metres 
thick and composed of poorly bedded and lenticular, very coarse 
conglomerate and pebbly dolomitic sandstone. The conglomerates are 
generally clast-supported and contain clasts up to 10 cm in diameter in 
a sandy dolomitic matrix. Some beds, such as those shown in Plate 1b, 
show imbrication structures and these were used for palaeocurrent 
determinations. The sandy beds and lenses show current orientation of 
clasts and, occasionally, poorly developed low angle cross 
stratification. In the small outliers the sequence grades vertically, 
with diminishing clast size and increasing dolomite content upwards, 
into a lithological association typical of the carbonate facies, 
consisting of well bedded dolomite with possible cross stratification 
and interbeds of laminated fine-grained dolomite. This transition was 
observed to take place over a vertical distance of less than 1.5 m 
(Section 4, Figure 7). 
Thirty measurements of imbricated flat clasts were made. These 
measurements indicate a wide spread of inclinations in the southern 
hemisphere with an average towards the south-south-east. This 
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PLATE ~ 
Basal conglomerate-sandstone facies: 
a) Polymictic sedimentary breccia of angular to sub-angular 
basement clasts in a sandy dolomitic matrix. Western side of 
"Trueman's Bank". 
b) Imbricate structure indicating current direction from the 
left. Outcrops of conglomerate at the small outliers within 
Precambrian rocks, east of the main Lady Annie area. 
Undifferentiated carbonate facies: 
c) General view of the undifferentiated carbonate facies showing 
nodular chert bands. Hilary Creek area. 
d) Probable mudcracks in dolomites underlying the laminate chert 
facies in the area of Jessop Creek. 
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indicates that in this particular area a unimodal current pattern 
prevailed in which a strong south-flowing current dominated 
( Fig ur e 8 f) • De Keyser {1969b) recorded imbrication structures in the 
basal facies in the Eastern Zone (east of "Trueman's Bank"), suggesting 
a current from the north-eastern quadrant. In the Lady Jane area, he 
noted cross-bedded sandstones indicating a current direction roughly 
from the north. 
Undifferentiated carbonate facies 
Distribution and relationship with other facies 
The carbonate facies outcrops adjacent to basin margins and 
basement highs and is best exposed along the numerous creeks which cut 
across these marginal areas. Carbonates have also been reported from 
many drill holes in the area of study underlying the phosphatic 
sequence, suggesting that this facies is widespread throughout the 
whole area. A vertical section of the facies is illustrated in 
Section 4 of Figure 7 where 5.5 m of dolomite were measured. The base 
of the facies is either transitional with the underlying elastic facies 
or, where this is not present, lies directly on basement. Its top is 
taken as the first occurrence of a laminate vuggy chert (the laminate 
facies) although thin lenticular dolomite beds of similar composition 
occur interbedded within the laminate facies. In some areas the top of 
the carbonate facies is poorly exposed and represented by a rubbly 
chert surface derived from the nodular chert beds of the upper part of 
the facies; here the laminate facies is not recognized and the surface 
is overlain by the skeletal facies or oncolite facies. The facies 
forms part of the Thorntonia Limestone which belongs to the widespread 
dolomite lithosome of de Keyser and Cook (1972). 
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Lithology and sedimentary structures 
The undifferentiated carbonate facies consists of a sequence of 
thickly bedded, massive, yellowish grey dolomites and dolomitic 
limestones interbedded with thin beds of laminated dolomite. 
Relatively well bedded bands of irregular chert nodules occur in the 
upper part and increase in frequency to the top (Plate 1c). Although 
these sediments in general are poorly fossiliferous, a few beds contain 
abundant large angular fossil fragments including disarticulated 
Redlichia, hyolithids, gastropods and brachiopods (J. Shergold, pers. 
comm., 1978). Rogers and Keevers (1976) reported in ~ algal 
biohermal dolomitic limestone in the area of Hilary Creek and Paradise 
Creek. Sedimentary structures are rare; probable mudcracks in 
dolomites underlying the laminate facies in Jessop Creek were observed 
(Plate 1d). A good exposure of this facies near the confluence of 
Rufous Creek and an unnamed tributary, shows well developed medium to 
large scale planar cross-stratification and thin beds of abundant 
current-oriented trilobite and hyolithid fragments, and permits 
reliable palaeocurrent determinations (Figure 8e). Forty-two 
measurements of oriented fossil fragments were made from a single bed; 
only the relatively rare entire hyolithid tests permitted the 
determination of current direction, while the more abundant trilobite 
fragments could be used to infer line of movement but not actual 
direction. The current pattern indicated by the directional fragments 
is strongly bipolar NE-SW with a minor component perpendicular to this. 
Two measurements of cross-stratification in the same outcrop indicate a 
current from the north-east. 
Petrology and mineralogy 
The results of qualitative X-ray diffraction analyses of five 
selected samples from the area of study indicate that the carbonate 
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facies consists principally of dolomite, with only small quantities of 
calcite and silica, and traces of apatite. P2o5 analyses of the samples 
confirmed the virtual absence 1if phc)Sphate (maximum 0. 463 P 2o5 ) (see 
Table II). In thin section, the dolomite shows strong neornorphic 
crystalli0ation which has obliterated most of the original fabric and 
has produced a coarse euhedral crystalline mosaic. Dolomite crystals 
are equigranular and elongate; their margins are crenulate, indented by 
the rhombic terminations. One thin section from a chert nodule band 
within dolomites of the Hilary Creek area contains small monoaxon and 
tetraxon siliceous sponge spicules, which are di:3:> 12minated throughout a 
microquartzitic groundmass. Similar textures have been observed in 
chert nodules within phosphorites in the Microsphorite Trench of the 
Eastern Zone (Plate 11a). 
Laminate facies 
Distribution __ a_n_d_ r.e..~~!:._i_onship with other facies 
The thick sequence of carbonate is locally capped by a thin and 
discontinuous layer of distinc~tive unfossiliferous laminated chert 
which rarely exceeds 1 m in thickness (Sections 5 and 6, Figure 7). It 
outcrops in the northern and central parts of the ar~a. principally 
adjacent to and east of "Trueman's Bank", and is best observed along 
Hilary and Jessops Creeks. Since the facies has not previously been 
described from Lady Annie and thus was not identified in drill holes, 
its true distribution is uncertain, though from its outcrop patter11. i.t 
appears to be restricted to basement margins and highs. In all 
outcrops the laminate facies is seen to overlie the carbonate facies. 
The presence of thin structureless dol~nite lenses intercalated with 
laminate chert suggests that this contact is transitional. 
Alternatively these are intervals which have not been silicified. In 
areas in which the laminate facies is absent, the top of the carbonate 
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facies is carpeted by a chert rubble derived from the abundant nodular 
chert beds at the top of the latter where overlying units are present. 
The laminate facies is overlain by the skeletal facies with a sharp and 
conformable conlact (section 5, Figure 7). In the Eastern Zone 
(section 6, Figure 7), it is overlain by phosphorite chert breccia. 
Lithology and sedimentary structures 
This facies consists of several distinctive types of laminated 
vuggy chert. The most common type, found along Rufous and Hilary 
Creeks, is a planar bedded, poorly laminated vuggy chert in which vugs 
have a random distribution. In the vicinity of "Trueman's Bank" a 
second type consists of highly contorted anJ wavy, very well laminated 
vuggy chert in which vugs follow laminae and suggest a fenestral fabric 
(Plate 2a and b). It contains abundant intercalated thin lenses of 
dolomite of similar composition to that of the carbonate facies and is 
cavernous in outcrop, probably due to the preferential dissolution of 
the carbonate. The distinctive contorted bedding present in the chert 
(Plate 2b) may be due to slumping and/or differential compaction of 
dolomite and chert: also the possibility of algal origin cannot be 
discounted. Rubbly outcrops in the Eastern Zone (section 6, Figure 7) 
consist of a planar bedded, well laminated vuggy chert cont~ining 
abundant pseudomorphs after halite. 
Petrology and mineralogy 
X-ray diffraction analysis and thin section examination 
indh~qte that the laminate chert is composed entirely of silica with 
only traces of phosphate and dolomite. Under high magnification, the 
contorted vuggy type of chert was seen to contain a high concentration 
of black-brown spheres thought to be pseudomorphs after possible pyrite 
framboid organic residues (Plate 2c,d) (M. Muir, pers. comm., 1980). 
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PLATE 2 
Laminate facies: 
a) Close-up of typical laminated chert with vugs following 
laminations. Hilary Creek area. 
b) General view of contorted laminated vuggy chert and dolomite 
overlying the carbonate facies (background). Jessop Creek 
area. Circle shows location of Plates 2c and 2d. 
c) Photomicrograph of laminated vuggy chert. Dark laminae 
contuin .... liigll concentrc.tivn vf splic:rit!ctl or sub-spnerical 
structures thought to be pseudomorphs after pyrite framboids. 
Circle shows location of Plate 2d. (Plain light) 
d) Photomicrograph of pseudomorphs after pyrite framboids in a 
matrix of microcrystalline quartz. (Plain light) 
a 
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These are composed of microscopic pseudomorphs after spheroidal 
aggregates of pyrite crystals, 
size (less than 0.005 mm) the 
but because of their extremely small 
identification of their internal 
organization by optical means was not possible. The framboids 
size distribution and are characteristically show a unimodal 
concentrated in particular laminae. Some have been oxidised to 
goethite, while others have been dissolved, leaving spherical voids. 
The possible framboids are interpreted as having formed in an original 
mudstone carbonate, enriched with organic matter and with very active 
bacterial sulphate reduction taking place. 
On coli te fac ies 
Distribution and relationship with adjacent facies 
The oncolite facies outcrops in two areas, both marginal to 
basement. One is an area immediately north of Rufous Creek and the 
other is at the south western end of "Trueman's Bank". In areas 
closest to basement at both localities it is thin (maximum of m) and 
seems to directly overlie the laminate facies or the carbonate facies. 
However, in the creek north of Rufous Creek the oncolite facies 
thickens to the west (away from basement areas and towards Trenches E2 
and Rufous Creek). Here, a section of 4.0 m of oncolitic chert-breccia 
ove~lies 4.6 m of phosphatic (non-oncolitic) chert-breccia (the top 
part of Section 3, Figure 7). A drill hole located in this area (LA45, 
Figure 6) was collared near the top of the oncolite facies and 18.4 m 
above the carbonate facies. Qualitative mineralogical analyses of 
drill hole material indicate that the 9.8 m between the base of the 
measured section and the top of the carbonate is composed of a 
siliceous and slightly to moderately phosphatic sequence. Another 
drill hole (LA909) located in the middle of Rufous Creek Trench about 
300 m west of LA45 intersected 25 m of phosphorites and phosphatic 
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sil iciclastic sediments before reaching the carbonate facies 
(Section 2, Figure 7). In the absence of evidence of major folding or 
faulting, these adjacent sections show that the sequence above the 
carbonate facies thickens to the west and strongly suggests that the 
oncolite facies and the underlying sediments are laterally equivalent 
to the phosphorite section. This is schematically illustrated in 
Figure 9). 
Elsewhere, the lateral and vertical relatio.nships of the 
oncolite facies are not well exposed; it appears to be overlain by 
siliceous siltstones and chert beds. Oncolites haye not previously 
been described from the Lady Annie area although similar oncolites, 
attributed to the blue-green algae Girvanella, have been described from 
the Thorntonia Limestone (Smith, 1972) and specifically from the "Chert 
Member" by de Keyser and Cook (1972). 
Lithology and sedimentary structures 
The oncolite facies consists principally of brecciated 
oncolitic chert in which well-preserved spherical to ellipsoidal 
oncolites, varying in size between 0.5 and 4 cm, generally form a 
self-supporting· fabric (plates 3a and 3b). Zones of matrix-supported 
oncolites make up a small proportion of the facies. Oncolites have a 
concentrically well-laminated internal structure which. is frequently 
built around a central angular fragment of the gastropod Helcionella 
(Plate 3b). Well-preserved Helcionella also occur rarely in the matrix 
and it was the only fossil observed. The facies is generally poorly 
bedded. Weak bedding traces are locally suggested in spite of the 
severe brecciation and, in one area, thin interbeds of coarse 
phosphatic allochems were observed. Both oncolites and matrix are 
highly silicified and, where the facies is best exposed north of Rufous 
Creek, it is also strongly brecciated and ferruginised. Plate 3c shows 
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PLATE 3· 
On coli te facies: 
a) Vertical close-up view of spherical to subspherical oncolite 
supported fabric. 
b) Vertical close~up view of spherical to subspherical oncolites 
showing concentric fenestral laminae around a nucleus of 
skeletal fragment identified as Helcionella (gastropod a). 
c) Close-up view of a sub-vertical burrow mould in oncolite free 
bedded chert. 
Skeletal facies: 
d) Interbedded silicified coquinite and bioclastic-wackestone 
dol0mite. Hilary Creek area. 
0 
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a sub-vertical burrow mould found in an oncolite-free, well bedded unit 
of the oncolite facies. Both mould and sediment are silicified. The 
size and form of the burrow indicate that it is probably a dwelling or 
feeding burrow of an unknown organism which corresponds to the 
skolithos type (Heckel, 1972; Selley, 1976). Only one such burrow was 
found, and this is the only trace fossil observed in the study area. 
Petrology and mineralogy 
X-ray diffractograms and P2o5 analyses indicate that the facies 
exposed at the surface is now composed almost entirely of silica with 
only minor quantities of apatite and calcite. However, semiquantitative 
X-ray analyses of samples of drill hole LA45 (Figure 10), located 
closed to the outcrops of oncolites, show that apatite may become 
important with depth, although silica continues as the major component. 
Calcite is present as a minor component in the upper part of the 
sequence. 
In thin section, although the forms of the laminoid fenestral 
fabric are well preserved, blue-green algal filaments have been 
destroyed by silica replacement. Each concentric lamina displays a 
complex mosaic of euhedral quartz and is normally separated by laminae 
with abundant small irregular voids. The matrix between the oncolitic 
spheres is fine-grained and composed of slightly phosphatic microquartz 
containing abundant dolomite rhombic ghosts. Since oncolites are 
originally calcareous structures formed by the accretion of lime mud by 
blue-green algae (Wilson, 1975) it is clear that silicification and 
phosphatisation of the unit is a replacement phenomenon. 
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Fig. 10: Semi-quantitative mineralogical analysis of samples 
from drill hole LA45. 
Skeletal facies 
Distribution and relationship with other facies 
42 
The laminate facies and the chert rubble surface of the 
carbonate facies are conformably overlain by lithologies of the 
skeletal facies (mainly silicified coquinas). The facies has a 
widespread distribution throughout the areas marginal to basement and 
is best developed adjacent to the north-eastern part of "Trueman's 
Bank", where it has a maximum observed thickness of about 4 m 
(Section 5, Figure 7). It produces a distinctive rubble surface 
composed of coquinitic chert. To the west this facies becomes 
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finer-grained and interfingers with phosphorites and phosphatic 
sediments, although the contact between these units is difficult to 
establish since phosphorites with beds of coquinitic chert and coquinas 
with phosphatic pelletal grains are common. It is also likely that the 
skeletal facies has a gradational relationship with the oncolite facies 
since both occur at the same stratigraphic level and the few fossils 
present in the oncolite facies are also found in the silicified 
coquina; however, no clear relationship could be established in the 
field. In the southern part of the area, silicified siltstones similar 
to those overlying the phosphorite facies in the southern trenches were 
observed to overlie the skeletal facies. 
Lithology and sedimentary structures 
The skeletal facies consists principally of well bedded 
silicified coquinas. In the main areas of exposure, north of Breccia 
Creek, and north-east of "Trueman's Bank" (Figure 6), these coquinas 
occur intercalated with highly fossiliferous wackestone to packstone 
dolomites (Plate 3d; section 5, Figure 7). The dolomites tend to be 
dominant towards the base of the facies and may grade laterally and 
vertically into the coquinas, although sharp, planar bedding contacts 
are more common. The silicified coquina is composed of a massive, very 
coarse-grained, poorly sorted, self-supporting framework of angular to 
slightly abraded fossil fragments which have been extensively 
silicified. The gastropod Helcionella, the trilobite Xystridura, 
hyolithids and species of brachiopods are commonly well preserved. The 
identification of Xystridura in sediment laterally equivalent to the 
phosphorite supports earlier work (Cook and Shergold, 1979) and 
indicates a lower Middle Cambrian age for the facies in this area. It 
also proves that the dolomite of the skeletal facies formed in 
Xystridura time and that dolomitic sediments are· not restricted to 
Redlichia time in this area. The wackestone to packstone dolomites 
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intimately associated with· the coquinas are coarse.grained and poorly 
sorted and consist principally of angular skeletal allochems very 
similar to those of the coquinas, although these are commonly less 
densely packed and slightly finer-grained. They are clearly 
distinguishable from dolomites of the undifferentiated carbonate facies 
by their distinctive bioclast composition. 
Along and south of Breccia Creek the laminate facies is 
overlain by bioclastic wackestone to packstone dolomites with a 
distinctive saccharoidal texture (s~ction 4, Figure 7). Readily 
apparent in hand specimen are white ovules, elongate irregular grains 
which later analysis showed to be phosphatic, and angular bioclasts, 
The allochem component and saccharoidal texture of these dolomites 
distinguishes them from those of the undifferentiated carbonate facies. 
Sedimentary structures are poorly developed in this facies. 
Sediments are in general thin to medium bedded with sharp, planar 
bedding contacts; fossil fragments are randomly oriented. 
Petrology and mineralogy 
The silicified coquinas consist of skeletal debris in which 
fragments have been replaced by silica and display replacement textures 
(both fibrous chalcedony and cryptocrystalline quartz). Locally inter-
grain areas may be totally or partially filled by megaquartz silica so 
that open areas remain, giving the rock a relatively high porosity. 
Chemical and X-ray analyses show apatite to be a minor component (0.6% 
P2o5 in one sample) but calcite and dolomite to be absent, In hand 
specimen fossil fragments frequently appear white and phosphatic. The 
dolomites interbedded with coquinas contain important quantities of 
calcite and minor silica and apatite. 
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The two prinC'ipal replacement phenomena observed, 
silicification and dolomitisation of original lime sediments, are 
difficult to reconcile because of their closely interrelated nature. 
While dolomite at present replaces matrix-supported fabrics and silica 
clast-supported fabrics, the paragenesis of replacement is not clear. 
On presently available evidence it appears most likely that 
dolomitisation preceded silicification. There is no evidence that 
silicification was an early diagenetic process and it may even be a 
weathering phenomenon. On the other hand the coarse euhedral 
crystalline texture of dolomite suggests a late diagenetic 
recrystallisation of a finer-grained precursor. 
In the saccharoidal variety of dolomite, phosphate content may 
reach 6% P2o5 . This relatively high phosphate content is attributable 
to isotropic collophane allochems which are set in a uniform very 
coarse mosaic of euhedral dolomite crystals. Ovular allochems of 
structureless cellophane are comparable to ovules of the phosphorite 
fac ies. Irregular elong.ate grains of structureless collophane, usually 
arranged parallel to bedding, are thus interpreted as intraclasts on 
account of their form, and angular skeletal fragments are also present 
and generally as cellophane. In this case, phosphatisation of original 
calcareous fragments clearly preceded the coarse recrystallisation of 
dolomite, which is probably the result of a late diagenetic event. 
These allochems may be partially or totally replaced by dolomite, when 
they remain as indistinct ghosts. 
Phosphorite facies 
Distribution and relationship with other facies 
The phosphorite facies was mapped in a broad north-south 
trending belt west of "Trueman's Bank", ex tending to the south and west 
- . ' 
46 
under chert and fine terrigenous Middle Cambrian sediments and a thick 
sequence of Mesozoic and Tertiary sediments. The best exposures are 
found in the trenches and along Rufous and Jessop Creeks (Figure 6). 
The phosphorite facies consists of several distinct lenticular 
high grade phosphorite horizons interbedded with undifferentiated 
phosphatic sediment with variable but low P2o5 content. The maximum 
thickness of this sequence, as observed in QPL drill holes, is 46.5 m 
in the area clo$e to the Western Fault here, and five phosphorite 
horizons were recognized (Figure 11, Rogers and Keevers, 1976). In the 
area of the trenches thickness varies between 15 and 25 m and only one 
or two lenticular phosphorite units occur, with thicknesses varying 
between 5 and 10 m (Figures 15 and 17). The trenches vary in depth and 
expose a maximum thickness of only 12.8 m (Trench E1) of the 
phosphorite section due to partial infilling of the trenches. 
The lower part of the sequence (below trench floors) is known 
only from drill information. This indicates that the sequence overlies 
dolomites of the carbonate facies with a highly irregular contact. In 
most cases the basal unit appears to be phosphatic (10-15%) (Rogers and 
Keevers, 1976; unpublished QPL drill sections). 
The sequence thins rapidly to the east and grades laterally 
into both the oncolite facies and the skeletal facies. Thin interbeds 
of pelletal phosphorites have been observed within the oncolite facies 
near Rufous Creek, 300 m east of the trenches. The skeletal facies and 
the phosphorite facies show a completely transitional relationship, 
with the phosphorite facies becoming progressively more silicified and 
diluted with angular fossil fragments. Thin laminae, rich in 
phosphatic grains, are also fairly common in the skeletal facies for 
some distance away from the main area of the phosphorite facies. 
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Lithology and sedimentary ~tructures 
A detailed description of the phosphorite and associated 
sediments is provided in the next two chapters where the sediments 
exposed in the six trenches are discussed. In general terms the facies 
is characterised by a relatively monotonous succession of well bedded 
to laminate grainstone and packstone phosphorites within minor mudstone 
phosphorites. The 
minor lenticular 
phosphori tes 
beds of fine 
are interbedded with chert and very 
siliciclastic sediments. In hand 
specimen, the phosphorites are very pale to pale yellowish orange (when 
not stained by secondary oxides), friable, porous and of low density. 
Due to the pervasive deep weathering they have undergone, no 
unoxidised, carbonaceous phosphorite is known to occur in the Lady 
Annie outlier (Rogers and Keevers, 1976). The grainstone and packstone 
phosphorites vary in grain size between very coarse and very fine sand, 
with grains consisting of varying proportions of rounded fossil 
fragments and ovulitic grains; entire fossil fragments are extremely 
rare. Within the phosphorite sequence pale yellowish brown chert beds 
replace pre-existing sediments. These cherts have sharp but ir.regular 
boundaries. The chert occurs in three forms: 
(a) As well bedded or laminate chert consisting of one or more 
continuous layers of chert separated by thin layers of coarse 
phosphorites. 
(b) As a series of individual or interlocking nodules at the same 
stratigraphic position. 
(c) As isolated lenses and nodules. 
The lack of directional sedimentary structures in this facies 
presented a major problem for palaeocurrent determination. The only 
directional structures present in the phosphorites themselves are small 
to medium scale low angle cross stratification, but these are very 
poorly exposed and could not be used for palaeocurrent determination 
"Y.: -· 
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with any reliability. The only source of reliable palaeocurrent 
information within the facies is a thin bed of silicified hyolithid 
fragments which occurs in the centre of the phosphorite section of 
Trench E2 (Chapter III, Section 3.4). Twenty-eight measurements made 
from this bed indicate that the apices of most fragments point to the 
north, while some of the remainder point to the WSW (Figure 8d). 
Together these suggest a bimodal-oblique current pattern formed by 
south and north-east flowing currents. 
Chert-terrigenous facies 
Distribution and relationship with other facies 
Cherts and terrigenous sediments overlying the phosphorite 
facies are well exposed in the southern trenches and form the most 
widespread lithofacies in surface exposures, both as outcrop and 
particularly as a rubble surface composed of a characteristic siliceous 
siltstone and fine-grained platy chert. This unit is observed in the 
trenches to overlie the phosphorite facies abruptly and conformably. 
Field relationships are not as clear in the case of the skeletal, 
oncolite, laminate and carbonate facies, where a rubble surface typical 
of the chert-terrigenous facies appears to be superimposed on all of 
these facies. No unequivocal evidence of interfingering or gradational 
relationships of this unit with the other facies is observed, although 
it contains coquinitic beds similar to those of the skeletal facies and 
thin beds of pelletal phosphorites. The great areal extent of this 
facies and the fact that it appears to overlie all the previously 
described facies is of major environmental significance (see 
Chapter V). Its maximum observed thickness is 4-5 min Trench E1. The 
contact with the overlying laminated siltstone of the Inca Formation is 
exposed only in the upper reaches of Rufous Creek, where it appears to 
be conformable (Section 1, Figure 7). 
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Lithology and sedimentary structures 
The chert-terrigenous facies consists of a variable association 
of lithologies. Most common are thinly to medium bedded non-phosphatic 
siliceous siltstones interbedded with pale grey chert beds and nodules, 
but siliceous very fine sandstones are also well represented. These 
sediments locally interfinger with slightly phosphatic friable 
quartzose siltstone and fine immature sandstone. 
The sediments are generally poorly fossiliferous, but thin beds 
of silicified coquinas occur rarely in the dominant non-fossiliferous 
li thologies. In contrast to the phospho'ri te facies, where fossils are 
abundant and varied but highly abraded, these coquinitic beds generally 
contain only a few well preserved species. Although beds containing 
abundant hyolithids are the most common, in areas south of Rufous Creek 
Pagetia (trilobita) occurring together with a species of brachiopods 
have been identified ( J. Sh erg old, per s. comm., 1980) • 
As in the case of the phosphorite facies, sedimentary 
structures are poorly developed. The sequences overlying the 
phosphorites in the southern trenches are well bedded. Beds vary in 
thickness between 5 and 20 cm and characteristically show undulating 
bedding surfaces (Plate 4a) which may be explained as a product of 
differential compaction. Microfeatures include millimetric parallel, 
micro-graded and micro-slumped laminations and micro-cross laminations 
(Plates 4b and 4c). Parallel alignment of conical hyolithid tests 
indicate current action, and beds showing these features were used for 
palaeocurrent determination. Observations were made in three different 
localities: outcrops along Rufous Creek (Figure 8a); within Trench E2 
(Figure 8b); and within Trench E1 (Figure 8c). Each sample station 
was at more or less the same stratigraphic level and observations were 
made from a single thin coquinitic bed containing hyolithids within 
siliceous siltstone. In the case of the Rufous Creek area (15 
51 
measurements) and Trench El (27 measurements) the fragments show strong 
preferential apical orientation towards the north-east (although the 
Rufous Creek area has a much lesser spread of values). In both areas, 
a unimodal south-west flowing current pattern is indicated and only 
very minor indications of a bipolarity are evident. In Trench E2 (31 
measurements), however, results are consistent with a polymodal pattern 
in which there is a strong south-west flowing current with a weaker 
north-east component. 
Petrology and mineralogy 
The siliceous siltstones and fine sandstones overlying the 
phosphorite sequence in the southern trenches consist dominantly of 
well sorted, angular to sub-angular silt- to fine sand-sized detrital 
quartz grains. Grains characteristically show crystal overgrowths 
(crystal faces having optical continuity with the quartz matrix) which 
make them difficult to distinguish from the micro-quartzitic 
groundmass. Minor quantities of micas (some identified as muscovite), 
clay minerals (mainly kaolinite and illite) and very rare silt-sized 
tourmaline grains are subordinate detrital components. Very small 
rhombic ghosts or voids after dolomite are locally abundant. Occasional 
fine sand- to silt-sized rounded bioclasts, ovules, siliceous sponge 
spicules and very rare oolites are disseminated throughout or occur 
concentrated in micro-lenses. These grains are most commonly totally 
replaced by microquartz although rare partial replacement indicates a 
prior phosphatic composition which is reflected in r2o5 values of up to 
1.7%, although they are more commonly less than 0.5%. 
The thin chert lenses and micro-lenses which occur within the 
sequence have gradational boundaries with adjacent beds. They 
characteristically contain abundant silicified ghosts of ovules, both 
rounded and ?ngular skeletal fragments, rare siliceous sponge spicules 
PLATE 4 
Chert-terrigenous facies: 
a) Typical well bedded siliceous siltstone and chert overlying 
the phosphorites in the southern trenches. Trench El, 
(section D, Figure13) 
b) Photomicrograph of a fine immature sandstone probably 
micro-cross-laminated interbedded with siliceous siltstone. 
Trench El. (Plain light) 
c) Photomicrograph of parallel micrograded and 
siltstone. Trench Rufous Creek. (Plain light) 
Siltstone facies of the Inca Formation: 
microslumped 
d) Close-up view of pyrite pseudomorphs in laminated siltstone 
from Rufous Creek area. 
Breccias: 
e) Close-up view of a phosphatic chert breccia. (Black lens cap 
is 4 cm in diameter) 
f) Close-up view of a chert breccia. 
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and very rare oolites. These allochems are typically replaced by 
microquartz, with chalcedony, microquartz or megaquartz filling 
intergrain areas. Megaquartz, apparently representing the last stage of 
silicification, filled the intergranular areas which remained after 
they were partially lined with chalcedony and microquartz. Cherts 
invariably have P2o5 contents of less than 1%. Silt-sized rhombic 
ghosts or, more commonly, voids after dolomite are locally dispersed in 
the chert and where these are abundant, pelletal allochems are rare 
relative to angular allochems. Textures, allochem types and 
distribution of silica types in cherts of the chert-terrigenous facies 
are very similar to those of the phosphorite facies (although average 
allochem size is smaller in the former), and a similar paragenesis can 
be inferred. This is discussed in Chapter V. 
Siltstone facies of the Inca Formation 
Distribution and relationship with other facies 
This facies is poorly exposed and only three mappable outcrops 
were found in the study area (Figure 6). These, together with 
subsurface information (Rogers and Keevers, 1976), indicate that the 
facies occurs in a north-trending zone in the western part of the 
outlier, reaching a maximum thickness of 24.4 m near the Western Fault. 
It is best developed to the south of the study area but extends north 
to the airstrip. The best ex po sure in the study area is in Rufo us 
Creek where a 3 m thick sequence crops out, conformably overlying 
siliceous siltstone of the chert-terrigenous facies. The basal contact 
is indicated by the appearance of well-laminated siltstones, with a 
faunal assemblage markedly different from those below. The youngest 
Cambrian lithofacies in the area, it is uncomformably overlain by 
Mesozoic and Tertiary sediments. 
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Lithology and sedimentary structures 
The facies comprises well-bedded to laminate, fissile, white 
siltstones and shales with interbedded thinly banded spicular chert and 
minor white friable siltstone. The chert beds are generally less than 
3 cm thick, continuous, and are composed of parallel alternating dark 
and light bands. Although this facies is lithologically similar to the 
underlying facies, it can be recognised by the characteristically 
The fauna banded chert and by a complete change in faunal assemblage. 
characteristic of the phosphatic lower sequence (Xystridura, 
to a faunal brachiopods and hyolithids) 
assemblage consisting of 
tetraxon sponge spicules 
disappears 
Ptychagnostus 
( J. Shergold, 
and gives 
gibbus 
pers. 
way 
and large siliceous 
comm. 1978). The 
trilobite specimens are small (maximum length of 0.6 cm) and extremely 
well preserved, and occur sparsely dispersed throughout the facies. 
Another feature characteristic of the facies is disseminated small 
(1 to 2 mm) cubic pseudomorphs after 
structures are restricted to the 
pyrite (Plate 4d). Sedimentary 
well-developed planar bedding and 
lamination described above. In the southernmost outcrops small areas 
of brecciated siltstone and chert of this facies were observed. These 
show characteristics more in common with collapse breccias than with 
intraformational breccias. 
Petrology and mineralogy 
No thin sections were cut from samples of these sediments, 
since exposures are very poor. X-ray diffractograms of siltstones from 
Rufous Creek outcrops indicate that the unit . consists principally of 
silica, with lesser amounts of micas and clays. The sediments are 
essentially non-phosphatic (0.823), although Trueman (in Rogers and 
Keevers, 1976) identified minor crandallite from one locality adjacent 
to the Western Fault. 
56 
2.5 Chert breccia and phosphatic chert breccia 
Phosphatic chert breccias and chert breccias are widespread in 
the whole area. They have been mapped as a separate unit, but most are 
not considered to be primary sedimentary facies. Breccias form an 
important component of the trenches elsewhere in the outlier (Rogers 
and ~eevers, 1976). Although several different types have been 
identified, all are broadly similar in lithology. Phosphatic chert 
breccias consist of abundant angular chert and minor siltstone and 
phosphorite fragments set in a matrix of phosphorite or phosphatic 
siltstone. They generally have a clast-supported matrix in which the 
clasts have a random arrangement (Plate 4e). Chert breccias have a 
similar texture and, in addition, have a highly silicified matrix. 
Intraformational breccias, collapse breccias, tectonic breccias and 
breccias associated with weathering have been recognized, Due to their 
similar lithology and the frequent absence of clear field 
relationships, it is often difficult to distinguish them, particularly 
in outcrop. In many cases, even where well exposed, there is 
controversy surrounding their origin. 
a) Intraformational breccias: The only breccias which may be primary 
sedimentary features are intraformational breccias. Since these 
constitute a particular sedimentary structure they are described in 
more detail in the next chapter. Clear evidence of an 
intraformational breccia is found only in Rufous Creek Trench where 
two thin lenticular beds were observed to have conformable 
relationships with underlying and overlying units (Plate 6d). 
Similar features of more controversial origin were observed in 
Trench E6. Rogers and Keevers (1976) believe intraformational 
breccias to be a common feature of the area, particularly in the 
Eastern Zone ~1ere chert-breccias are described as intertonguing 
with terrigenous silts tones, bedded chert and minor phosphatic 
57 
sediments. 
b) Collapse breccias: Collapse breccias are well exposed in the 
trenches, particularly in Trench E1 where they make up a 
significant proportion of the section. At least two periods of 
breccia formation can be identified with cross-cutting 
relationships (Figure 13). Although these breccias are associated 
with minor faults it is clear from their lack of fracturing that 
they are primarily collapse features. They have been interpreted 
as possibly resulting from the dissolution of underlying carbonate 
and/or evaporite beds (Rogers and Keevers, 1976). 
c) Tectonic breccias: Rogers and Keevers ( 1976) described a "2 to 4 m 
wide tectonic breccia composed largely of Beetle Creek Formation 
chert" along the trace of the Western Fault. Apart from this 
fault, the most important in the area, other faults are relatively 
minor and few breccias are believed to be due solely to faulting. 
It is likely, however, that minor faulting contributed to the 
formation of collapse breccias 
weathering. 
d) Brecciation related to weathering: 
and those associated with 
Weathering effects are very 
strong throughout the area as a result of several periods of 
post-Middle Cambrian weathering of which Tertiary lateritization 
was probably the most important. The major part of the mapped 
breccia is believed to be the product of weathering. For example, 
the widespread brecciation of the oncolite facies and surrounding 
sediments is associated with pervasive sil ic ification and 
ferruginization. The fact that the silicification and brecciation 
affect the sediments of several lithofacies suggests that both are 
the product of secondary processes. Post-Cambrian faulting 
observed in the vicinity may have fractured the area and permitted 
more intense ground water circulation. 
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2.6 Structural geology 
The Middle Cambrian sediments are essentially flat-lying and 
dips rarely exceed 15°. In the southern trenches, broad, gentle, 
approximately north-trending and generally north-plunging, low 
amplitude folds are exposed (Figures 13, 14 and 15). 
The dominant structural direction in Precambrian rocks adjacent 
to the outlier is northerly and includes the strike of bedding, fold 
axes and major faults. Some of the faults affect part of the Middle 
Cambrian and Mesozoic sequences (Figure 6). The principal fault is the 
Western Fault which trends north-east along the western margin of the 
outlier and has relative movement down to the east. The fault has a 
long history of movement and is interpreted as having been active 
during Cambrian sedimentation and as having played an important role in 
the formation of the Lady Annie-Lady Jane basin (Rogers and Keevers, 
1976) . North and north-west trending faults at the eastern margin of 
the outlier locally displace basement and later sediments. North 
trending faults define the edges of the northern part of "Trueman's 
Bank" and in the area north of the airstrip both Middle Cambrian and 
basement rocks dip about 35° to the east. These faults, like the 
Western Fault, are probably old features which have been periodically 
reactivated. 
A series of ENE and NNW trending photolineaments are observed 
in areas of Mesozoic and Cambrian sediments. These probably represent 
joints or fractures with only minor associated movement. In the 
exposed sections of the trenches only minor faulting with throws of 
less than 1 metre was observed. Some of these are associated with 
slump-structures (suggesting penecontemporaneous movement) and others 
with zones of collapse breccias. 
3.1 Introduction 
CHAPTER III 
PHOSPHORITES AND ASSOCIATED SEDIMENTS 
EXPOSED IN THE TRENCHES 
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In the two previous chapters the general geological setting of 
the Lady Annie phosphate deposit has been outlined and the faci~s 
distribution and the stratigraphic context of the phosphorites of the 
Western Zone discussed. In order to further understand the phosphatic 
system, a detailed sedimentological study of the upper part of the 
phosphatic sequence exposed in six trenches was carried out and the 
results of this study are described in this and the following chapter. 
This chapter deals with the general vertical sequences observed in the 
trenches as established by field data. A discussion of the methods of 
field data collection and processing and the classification of 
sedimentary phosphorites adapted in this work leads on to a description 
of the different lithologies encountered in the trenches and, finally, 
to an outline of the broad characteristics of the trench succession. 
In Chapter IV, the methodology and results of laboratory investigations 
are discussed and on the basis of these, a more detailed description of 
the trench succession is undertaken. 
The three southern trenches are located in the area of 
Rufous Creek and the three northern ones in the area of Jessop Creek 
(Figure 6). Emphasis was placed on the southern trenches because the 
phosphorites were better exposed in that area; however, the data 
obtained from the northern trenches has been used as an important 
complement to data from the southern area. It is important to point 
out that the entire trench sections are affected by intense deep 
weathering which has given rise to controversy over the primary or 
secondary origin of many features. 
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3.2 Field investigations 
Twenty-three measured stratigraphic sections from the 
north-facing wall of the trenches were described in detail. Table III 
shows the distribution, thickness and other relevant data of the 
sections. 
,----·,----------~-,--
! I I 
ITrenchi No. of : Average Maximum : Maximum total 
E1 
Rufo us 
Creek 
E2 
E3 
E4 
E6 
:measured thickness of ' thickness of : thickness of exposed 
: sections sequence above exposed sedimentsl phosphorites and 
carbonate cherts 
8 24.6 m 12.9 m 8.5 m 
in Section B in Section B 
6 25.0 m 8.0 m 6.0 m 
in Section D in Section D 
5 21.8 m 10.6 m 8.7 m 
in Section c in Section c 
2 24.7 m 9.8 m 8.3 m 
in Section A in Section A 
23.0 m 9.6 m 9.6 m 
----
not known 7.0 m 7.0 m 
TABLE III: Details of measured trench sections 
In each trench, the sections were labelled A,B,C etc. in the 
order of their description. Each section was divided into "field 
units" which were numbered from the base upwards, beginning with field 
unit at the trench floor. Thus, field unit E2-C/5 is the fifth unit 
from the base of section C of Trench E2. Field units were defined on 
the basis of sedimentary structures and macroscopic textural 
characteristics, including the following: colour; type of bedding and 
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bedding contacts; natur€, type and thickness of laminations; grain 
size, shape and sorting; Dunham classification; grain mineralogy and 
nature of matrix; fossil assemblage; induration, porosity and 
post-depositional phenomena such as silicification and iron oxide 
staining and layering. These characteristics were recorded on a 
standard form. Each unit was sampled for future chemical, 
mineralogical and petrological analysis. Up to thirty field units were 
described in the sections, varying in thickness from 2 to 50 cm. 
From the data obtained from the individual sections, a 
longitudinal cross-section of each of the southern trenches was 
constructed (Figures 13, 14 and 16) in which lateral correlations were 
broadly established and variations within the main lithologies noted. 
To complement these data and to facilitate the understanding of the 
full vertical sequence, unpublished drill hole data provided by QPL 
were used to construct diagrams showing the variations with depth of 
the percentage of P2o5, Fe 2o3 and Al 2o3 for drill lines corresponding 
to two of the southerrt trenches and two of the northern trenches 
(Figures 15 and 17). The diagrams were prepared from chemical analyses 
of rotary drill hole chip samples taken at set intervals of 0.7 and 
0.8 m, which therefore do not correspond to lithological units. 
3.3 Classification of sedimentary phosphatic rocks 
The classification of sedimentary phosphatic rocks followed in 
this study was developed before the recent publications on the subject 
by Slansky (1979) and Riggs (1979). Nevertheless it is broadly 
compatible in concept with the classifications proposed by these 
authors and is, moreover, particulary suited to the rocks of the 
Georgina Basin. 
Figure 12 shows the frequency distribution of P2o5 values from 
three different sources of data. Figure 12a corresponds to 
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trenches. c) Quantitative P2 o5 analyses from the surface mapping samples. 
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semiquantitative bulk P2o5 ·analyses of drill hole samples in Rufous 
Creek and E2, two of the southern trenches (data from QPL unpublished 
sections). Figure 12b corresponds to P2o5 analyses of 174 samples of 
phosphorites from the composite trench sections, and Figure 12c shows 
the values from 136 samples collected during surface mapping. From 
these figures it is apparent that 15% forms a natural and suitable 
break in P2o5 values, and the term "phosphorite" will be used here for 
sediments which contain more than 153 P2o5 . The prefixes "phosphatic" 
and "slightly phosphatic" will be used for those mudstones, siltstones, 
sandstones, etc. containing 5-15% and 1-5% P2o5 respectively. Sediments 
containing more than 33% P2o5 (corresponding to 85% apatite) will be 
termed "high grade phosphori tes". These divisions compare with the 10% 
P 2o5 cut-off used to define "phosphori tes" by QPL geologists (Rogers 
and Keevers, 1976) and the cut-off of 183 preferred by Slansky (1979). 
They are most useful in defining the character of fine-grained rocks 
where phosphate content is difficult to estimate. Coarse-grained 
phosphates, which make up the bulk of the deposit, consist primarily of 
collophane grains and their P2o5 values commonly exceed 25%. 
To establish a sedimentologically useful classification of the 
several types of phosphorite observed in the study area, the Dunham 
(1962) classification of carbonate rocks was amended for phosphorites. 
Both the original and amended versions are shown in Table IV. The terms 
grainstone-, packstone-, wackestone- and mudstone-phosphorite are 
further qualified by preceding them with the dominant grain type, such 
as skeletal (bioclastic) or ovulitic. No boundstone or crystalline 
phosphorites have been recognised in the study area. This 
classification permits refinement of previously-used phosphorite 
terminology in the Georgina Basin, where the term "pelletal 
phosphorite" has been extensively used for all arenaceous phosphorites. 
"Pelletal phosphorite" has been retained as a general term for both 
grainstone and packstone phosphorites. The previous usage of the term 
DEPOSITIONAL TEXTURE RECOGNIZABLE 
Original Components Not Bound Together During Deposition 
Contains mud Lacks mud 
(particles of clay and fine silt size) 
and 1s 
Mud-suppqrted Grain-supported gra 1 n-supported 
Less than : Mbre than : 
10 percent grains ; 10 percent grains \ 
MUDS TONE WACKESTONE PACKSTONE GRAJNSTONE 
Original ccxnponents 
were bound together 
dtring deposition,,. 
as shown by intergrown 
skeletal matter, 
lamination contrary to gravity, 
or sediment-floored cavities 
that are roofed over by organic 
or questionably organic matter 
and are too large to be 
inter:stices, 
BOUNDS TONE 
Classification of phosphorites ( >15S P2o5 > 
Non-pelletal phosphorites 
MUDS TONE 
PHOSPHORITE 
WACKE STONE 
PHOSPHORITE 
Pelletal phosphor1 tes 
PACKSTONE 
PHOSPHOR !TE 
GRAJNSTONE 
PHOSPHOR !TE 
Not present 
DEPOSITIONAL TEXTURE 
NOT RECOGNIZABLE 
CRYSTALLINE CARBONATE 
G4 
(Subdivide according to , 
classifications designed tol 
bear on physical texture or: 
diagenesis.) : 
Not present 
: 
: 
: 
TABLE IV: Dunham's(1962) classification of carbonate rock 
as modified for phosphorltes 
"pellet" to include all rounded, sand-sized cellophane grains 
regardless of their origin, has necessitated the introduction of the 
term "ovule" to indicate those rounded and structureless grains of 
uncertain origin which make up a large percentage of the "pelletal 
phosphorites". The term "skeletal" or "bioclast" is used to indicate 
grains of identifiable skeletal origin. (Grain types are discussed 
fully in Chapter IV). The terms "mudstone phosphorite" and "wackestone 
phosphorite" replace the terms "microsphorite", "phosphol uti te" and 
"cellophane mudstone''· The major advantage of this classification over 
others adapted from Folk's (1968) classification of carbonate rocks, is 
that rather than being purely descriptive it facilitates the 
environmental interpretation of the sediments. 
Terms for phosphatic rocks which were formed as the product of 
secondary processes, such as "phoscrete" and fine-grained phosphate 
replacing carbonates (''replacement phosphorite"), are retained although 
they do not form a major part of this study. Cherts, which are 
intimately associated with phosphorite lithologies, have been 
subdivided according to.the dominant allochems present into coquinitic, 
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pelletal and spicular vari~ties. 
3.4 Description of the trench sediments 
The trenches at present expose the upper 5 to 13 m of the 
sequence and generally contain the section of highest phosphate grade. 
Their depth was much greater at the time of excavation in the late 
1960's as they have since been progressively filled by natural 
processes. According to the limited deep drill information available, 
the phosphatic sequence in the area of the trenches appears to overlie 
the carbonate facies with an irregular contact (Rogers and Keevers, 
1976; unpublished QPL data; Figures 15 and 17). The total sequence 
has a variable thickness between 15 and 25 m and contains one or two 
lenticular beds of phosphorites interbedded within a less high grade 
sequence described as variably phosphatic siltstone and chert. 
Unfortunately the lithological descriptions of the drill holes are not 
sufficiently detailed to be useful in establishing the vertical 
sequence below the floors of the trenches. 
The southern trenches 
Figures 13, 14, and 16 show the long profiles of each trench 
and the intra-trench stratigraphic corr~lations as they were 
established in the field. The three trenches present several broad 
similarities which may be summarised as follows: 
a) The phosphorite section is characterised by a more or less 
monotonous succession of wavy and lenticular thin beds containing 
well-defined laminations. Major breaks in sedimentation were not 
observed, but minor breaks may be·represented by thin, persistent, 
non-phosphatic mudstone laminae. Beds show lateral lensing and 
compositional variations which make intra-trench correlations 
always difficult and frequently impossible. The most persistent 
.-·.· ·' 
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units within the phosphorite section are chert beds and locally 
non-phosphatic mudstone beds and laminae. 
b) The phosphori te sequence is dominated by coarse-to medium - grained 
skeletal-ovulitic grainstone and packstone phosphorites. These 
tend to be coarser and better developed in the lower portion of the 
trenches. Finer-grained phosphorites (fine packstones, wackestones 
and mudstones) tend to occur in the upper portion of the trenches 
where they are associated with an increasing content of terrigenous 
material. The trenches are thus observed to display an overall 
although interrrupted fining upward character. Furthermore, up to 
three subordinate fining-upward sequences were also observed within 
the phosphorite sequence. 
c) Cherts are characteristically well-bedded, coquinitic or pelletal, 
according to the dominant allochem composition. All three trenches 
show one or more well-developed, more or less persistent zones of 
intercalated chert bands and coarse phosphorites up to 1 m thick. 
These are useful marker units of value in intra-and inter-trench 
correlation. Individual thin chert beds are commonly 
non-persistent and grade laterally into layers of isolated nodules • 
d) Bed~ed siliciclastic sediments within the phosphorites make up a 
small proportion of total sediments. They consist of lenticular 
beds of fine sandy siltstone and relatively continuous t~in beds or 
laminae of non-phosphatic mudstone with sharp upper and lower 
contacts. 
e) In each of the southern trenches, the phosphorite sequence is 
abruptly but conformably overlain by a well-bedded heterogeneous 
sequence of siliceous siltstone, siliceous sandstone, cherts and 
friable sandy siltstone to mudstone corresponding to the 
chert-terrigenous facies. The lower one or two metres is usually 
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characterised by friable lithologies interbedded with coquinitic 
chert and may be slightly phosphatic. The siliceous lithologies 
are characterised by lenticular and undulating bedding (Plate 4a). 
Trench E1 (Figure 13) exposes a maximum vertical thickness of 
12.9 m in Section B out of a total of 24.6 m above the carbonate 
sediments. The lower 8.5 m corresponds to phosphorites and cherts and 
the uppermost part to cherty siltstones. The trench contains mainly 
coarse to medium grainstone and packstone phosphorites; fine-grained 
packstones and wackestones form a minor component of the total and 
occur mainly in the upper part of sections G and D. Chert is rare in 
this trench compared to the others and is virtually limited to a poorly 
developed bed up to 0.6 m thick containing several coquinitic nodular 
and lenticular chert beds which is locally exposed near the base of the 
trench. Chert is, however, more abundant in the easternmost part of 
the trench, in Section A. Terrigenous detrital sediments within the 
phosphorites occur as rare, thin, lenticular beds of friable sandy 
siltstone. In the eastern portion of the trench (Sections A, B, C, 
and H), the sequence overlying the phosphorites is composed of 4 to 5 m 
of friable, slightly phosphatic mudstone to fine immature sandstone 
beds interfingered with highly silicified siltstone and sandstone 
units. The contact with phosphorites is abrupt and generally commences 
with friable siltstone interbedded with coquinitic chert lenses. 
Within this complex sequence, a remarkably persistent bed rich in 
hyolithids forms an excellent marker at the top. 
Iron and manganese oxide-rich zones form as large (0.75 m 
diameter) nodular blocks at the base of Section D and as layers along 
bedding planes, particularly in the upper parts of the trench. 
Collapse phosphatic chert breccias are common throughout the 
phosphorite sequence but have had less effect on the overlying 
chert-terrigenous sequence. They occur most commonly as sub-vertical 
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chert lenses and a bedded phosphatic chert breccia composed of angular 
clasts (up to 30 cm in diameter) set in a slightly phosphatic silty 
matrix. This sequence is in turn overlain by 2 m or more of well 
cherty siltstones with characteristically undulating and 
lenticular bed forms, similar to those described in Trench E1. 
Two major areas of collapse/tectonic phosphatic chert breccia 
cross-cut the bedded sequence. ~s in the case of the other trenches, 
secondary oxides are common in zones sub-parallel to bedding. 
Figure 15a shows the vertical variations in P2o5 and soluble Fe and Al 
oxides in drill holes along the trench section. Although none of these 
holes is recorded to have reached the underlying carbonate facies, they 
are known from adjacent drill holes to be very close to it and the 
sharp diminution of P2o5 values near the bottom of each hole probably 
represents its close proximity. The figure indicates the presence of 
two phosphorite units, of which the thicker and higher grade upper one 
is partially exposed in the trench. Both units appear to wedge out to 
the east as they approach basement areas and, on the surface, these 
phosphorites are observed to interfinger with beds of both the oncolite 
and skeletal facies. Soluble Fe2o3 shows a minor upper peak associated 
with the upper phosphorite unit and a major peak, associated with the 
lower unit, just above the carbonate facies. This pattern is also 
repeated in Trench E2 (Figure 15b) and probably represents irregular 
and localised iron-rich zones such as those observed in the trenches. 
Trench E2 (Figure 16) exposes a broad antiform in which the 
maximum thicknes~ is 10.6 m (Section C) out of a total of 21.8 m above 
the carbonate facies. The lowest 8.7 m consists of interbedded 
phosphorites and chert bands and the highest 1.9 m essentially of 
cherty siltstones and sandstones. The phosphorite sequence contains a 
higher proportion of both fine-grained phosphorites and cherts than 
either E1 or Rufous Creek Trenches and presents a more heterogeneous 
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aspect, and th1's i's re·flect~d 1'n the P 0 values of F1'gure 15b ~ 2 5 • 
although a broadly similar pattern is observed with coarser 
phosphorites concentrated in the lower parts and in association with 
bedded chert. Unlike the other trenches, however, terrigenous sediments 
within the phosphorites are virtually absent, occurring only as thin, 
non-phosphatic mudstone laminae. Very fine packstones to mudstones 
generally form the uppermost 2 m of the sequence (Sections A, Band C), 
although also forming lower units up to 1 m thick within generally 
coarser phosphates. Throughout the section chert is common, both in 
bedded and nodular forms, and may be either coquinitic or pelletal. 
Bedded chert forms up to three well-defined stratigraphic horizons 
interbedded with coarse phosphorites in the eastern and central part of 
the trench (Sections A, B and C) but these lose definition to the west 
and are represented by less continuous chert bands and nodules 
(Sections C and D). Isolated nodules and lenses of generally coquinitic 
chert occur scattered through the sequence, both within coarse and fine 
phosphorite units. Locally, both coarse phosphorites and coquinitic 
' 
chert beds contain hyolithid tests and one persistent thin bed of 
silicified hyolithid coquina was a useful marker in the middle of the 
trench. Terrigenous sediments are restricted to thin beds of slightly 
dolomitic silty mudstone associated with the upper or lower contacts of 
chert units in Section c. 
The sequence overlying the phosphorites closely resembles those 
of the other trenches, although it contains a siliceous slightly 
phosphatic sandstone unit with skeletal fragments between Sections D 
and E which is in turn overlain by a thin, persistent, silicified 
hyolithid coquina bed. 
Collapse breccias of the same types as those of the other 
trenches occur in two main zones in the eastern part of the trench. 
Isolated large nodular masses of secondary iron and manganese oxides 
w 
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occur in the upper part df the phosphorite sequence between Sections C 
and D. 
Depth to the phosphorite facies varies between 17.5 and 23 m, 
as shown in Figure 15b. It shows that, as in the case of Rufous Creek 
Trench, phosphate is concentrated in two broad units of which the upper 
one, partially exposed in the trench, is thicker and of variable but 
generally higher grade than the lower unit, which overlies the 
carbonate facies with an irregular contact. In the easternmost section 
a third phosphate unit appears, possibly associated with locaL 
thickening of the phosphatic section in this area. Soluble Fe2o3 shows 
a similar pattern to that observed in Rufous Creek Trench, with the 
lower phosphate unit being associated with a major peak. 
The northern trenches (Plate 5) 
The three northen trenches, localised in the area of Jessop's 
Creek (Figure 6), expose Cambrian sediments to a maximum thickness of 
9.5 m in Trench E4 representing the upper part of a 25 m sequence 
overlying the carbonate facies (Figure 17). All the trenches have 
deteriorated considerably since their excavation, largely as a result 
of groundwater movement through the sediments and the lack of resistant 
overlying siliceous sediments. The lower 6 or 7 m is particularly 
affected and the trenches partially fill with water during the wet 
season. The lower sections of the trenches frequently contain zones of 
poorly bedded, fine-grained phosphorite lithologies occurring within 
irregular zones of variably-phosphatic terrigenous sediments, 
phosphatic chert breccias and occasional iron and manganese nodules, 
all of which are probably the products of past and present weathering 
processes. These features and the generally poor exposure of the 
trenches make sedimentological and stratigraphic correlations extremely 
difficult. 
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PLATE 5 
The northern trenches: 
a) Trench E6: Poorly bedded coarse phosphorites exposed below 
50 cm of soil cover. The uneven surface in lower 
scene represents the base of the "trough structure" 
filled with phosphatic chert breccia as described on 
pages 89 to 92. 
b) Trench E3: Bedded coarse phosphorites exposed below a 2 m thick 
sequence of Mesozoic fluvial sediments (sandstone 
and conglomerate). 
c) Trench E4: The lower two-thirds of the section contains poorly 
bedded fine - grained 
phosphatic siltstones. 
phosphorites and variably 
The upper third corresponds 
to well bedded grainstone phosphorite. 
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The measured vertical sections of the trenches, shown in 
Figures 22, 23, and 24 in Chapter IV, were carefully selected from the 
best-ex posed part of each trench. Despite the problems presented by 
secondary features, the sediments exposed in this group of trenches 
differ significantly from those of the southern trenches. 
differences may be summarised as follows: 
These 
a) The cherty siltstone overlying the phosphorite sequence of the 
southern trenches is absent and phosphorites either sub-crop below 
a thin soil cover (Trenches E4 and E6: Plate 5a and 5c 
respectively) or are uncomformably overlain by Mesozoic sediments 
(Trench E3: Plate 5b). The absence of the siltstones severely 
hinders correlation with the southern trenches, and makes it 
impossible to establish how much of the phosphorite sequence was 
eroded prior to and how much following the deposition of the 
Mesozoic sediments. A small area of outcropping tectonically 
dislocated siliceous siltstone and chert was found southwest of 
Trench E4 (Figure 6) but its relationship with the trenches could 
not be ascertained. 
b) In addition to the problems for correlation presented by the 
physical condition of the trenches, the phosphorites appear to have 
even more complex lateral variations than those of the southern 
trenches. Units tend to be more lenticular and to have less 
lateral continuity, and no marker beds were identified in any 
trench. 
c) It is apparent that fine - grained phosphori tes (fine packs tones, 
wackestones and mudstone) are more abundant in these trenches than 
in the southern trenches and that the coarser varieties are not 
restricted to a particular part of the trenches. 
d) The northern trenches contain a much higher proportion of 
terrigenous material', which occurs 
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principally as friable 
phosphatic quartz siltstone, and silty low-grade fine phosphorites. 
In general, fine - grained phosphorites contain significant 
terrigenous material in their matrix. 
e) Cherts are less common within the phosphorites than in the southern 
trenches and are generally present as isolated coquinitic nodules 
or lenticular bodies rather than as the bedded varieties of the 
southern area. 
f) Coarse-grained phosphorites, although less common in the northern 
trenches, are generally similar to those of the southern trenches 
in texture, grain type, sedimentary structures, bedding type and 
thickness. Despite the often high content of terrigenous material 
in adjacent finer phosphorites, the coarser varieties, like those 
in the south, are virtually devoid of such material. Coarser 
phosphorites may occur throughout the trench sections, usually in 
units more than one metre thick. They are particularly well 
developed at the top of Trenches E4 and E6 where coarse, skeletal 
and ovulitic grainstone phosphorites appear to interfinger 
eastwards with silicified coarse coquinas of the skeletal facies. 
The vertical distribution of P2o5 values taken from drill hole 
sections along Trenches E3 and E4 is shown in Figure 17. As is to be 
expected, the variations are more complex than in the southern 
trenches. In Trench E3 (Figure 17) the upper phosphorite horizon is 
partially ex posed in the trench; \he high P 2o5 peaks correspond to the 
base of the trench where coarse to fine grainstone and packstone 
phosphorites are present. On the other hand the sequence grades upwards 
into phosphatic siltstones or mudstones and/or mudstone phosphorites 
with a gradual decrease in P2o5 content. The phosphatic sequence is 
unconformably overlain by non-phosphatic Mesozoic conglomerates and 
sandstones (Plate 5b). Below the trench floor the sequence appears to 
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overlie the carbonate facies with a very irregular contact and to be 
associated with high Fe values and low P2o5 grades. In Trench E4 
(Figure 17) an upper phosphorite unit about 2 m thick has been 
recognised as a coarse skeletal ovulitic grainstone phosphorite. Its 
association with high Fe values reflects the immediately-overlying soil 
cover. Below this unit are 5 to 7 m of phosphatic siltstones, fine-
grained phosphorites and minor cherts which are partially exposed in 
the trenches (Plate 5c). The two other phosphorite horizons which occur 
above the carbonate sediments are characterized by variable thickness 
and lenses of low grade material. This is the only trench in which the 
high grade phosphorites are not exposed. 
3.5 Description of sedimentary structures 
Sedimentary structures are the most useful of sedimentary 
features for environmental interpretation because, as Selley ( 1970) 
points out, "unlike textures, lithology and fossils they cannot be 
recycled". However, in discussing the sedimentary structures within 
the phosphorites the problem concerning the primary versus the 
secondary origin of many feature attains its most acute form. 
Sedimentary structures observed within the phosphorites can be 
classified as follows: 
a) Planar bedding structures: 
• Planar, wavy and lenticular bedding 
• Well defined diffuse and sharp laminations 
. Medium scale, low angle cross bedding 
b) Deformed and disrupted bedding: 
• Soft sediment folding 
• Intraformational brecciation 
c) Miscellaneous features: 
• Trough structures 
82 
a) Planar bedding structures: 
Planar wavy and lenticular thin beddihg containing diffuse to sharply 
defined laminae is the principal bedding type observed in all classes 
of phosphorites (Figures 13, 14, and 16; Plate 6). Bed thickness 
varies on average between 5 and 20 cm, with maximum thicknesses of the 
order of 1 m. Contacts between beds range from gradational to sharp 
and are characteristically wavy. Sharp bedding planes occasionally are 
defined by thin beds or laminae of non-phosphatic mudstone or chert. 
Higher in the weathering profile of the trenches units commonly contain 
secondary iron and manganese oxide layers following bedding planes. 
Beds are occasional disturbed by soft sediment folding or disrupted by 
small faults, fractures and collapse breccia zones. 
Well-defined laminations are a dominant feature of the phosphorite 
sequence and occur in phosphorite of all types and grain sizes. The 
laminae are generally wavy and discontinuous or anastomosing and have 
either transitional (diffuse) or sharp contacts with adjacent 
lithologies. Abundance of fine, undisturbed laminae is primarily a 
function of the absence of bioturbation and the lack of diagenetic and 
secondary processes such as strong recrystallization or solution which 
can obliterate primary features. The lack of bioturbation is 
characteristic of both phosphorites and cherts, even where these 
contain entire or almost entire fossils. Both pelletal and coquinitic 
varieties of chert in fact frequently display the clearest evidence of 
delicate primary lamination (Plate 6a,b). Laminae with transitional 
contacts are the dominant type, and are smooth, thin, non-persistent or 
anasmotosing. Pseudo-lamination, caused by bedding-parallel 
concentrations of secondary iron and manganese oxides, is a common 
feature. 
Laminae with sharp boundaries include chert laminae and minor 
non-phosphatic slightly dolomitic mudstone laminae. The most common 
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PLATE 6 
a) Close-up view of thinly interbedded 
grainstone-packstone phosphorites. Lower 
well-defined laminations. 
chert 
right 
and 
shows 
b) Close-up view of finely-laminated chert nodule within coarse 
grainstone phosphorites. Underlying phosphorite beds are 
affected by collapse and brecciation. 
Sections D and E). 
(Trench E2 between 
c) Close-up view of grainstone-packstone phosphorite containing 
i~regular pseudo-lamination of dense collophane. (Rufous Creek 
Trench - Section D above the marker chert beds). 
d) Close-up view of small-scale, low-angle planar cross-bedding 
and areas of intraformational brecciation. (Rufous Creek 
Trench - Section F above marker chert beds.) 
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type, however, consist of relatively thin beds of grainstone or 
packstone phosphorite 0.5 to 3 cm thick separated by thin laminae of 
densely packed cellophane grains (Plate 6c). In the field these thin 
cellophane laminae 
frequently with a 
appear as indurated layers less than 0.5 cm thick 
bluish-grey upper surface which shows rounded 
bioclast and ovuli tic grains in relief. They may be sub-parallel and 
continuous for one or two metres but more commonly anastomose. These 
cellophane laminae initially appeared 
of their concordant 
to be primary sedimentary 
features on account field relationships, with 
diffusely laminated phosphorites and cherts, and the fact that they are 
apparently affected by intraformational brecciation and slumping. 
Despite this, thin section examination suggests that the laminae may be 
the product of compaction of original pelletal phosphorites. This 
possibility is discussed more fully in the next chapter. 
Planar cross-bedding Isolated and very rare small to medium scale (up 
to 2 m) planar cross bedded beds of laminate phosphorites occur within 
the dominantly parallel laminated sequences (Plate 6d). Normally this 
cross lamination is of low angle, with a maximum depositional dip of 
less than 15°·, both 1 d t t 1 ower an upper con ac s are more or ess 
concordant and diffuse. Occasionally weakly developed small-scale low-
angle planar cross-stratification is preserved in bedded and nodular 
cherts. 
b) Deformed and disrupted bedding 
Soft sediment deformation such as slumping and convolute laminations is 
very common in the phosphorite sequence, in particular in Rufous Creek 
trench between Sections D and E and in Section A of Trench E2, where 
slumping affects chert layers interbedded with coarse phosphorites. 
Slump structures are also observed in Trenches E1, E3 and E4. 
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Slumping and convolute lamination consist of intraformational 
folds due to post-depositional movement of hydroplastic sediments 
(Conybeare and Crook, 1968). The folds observed in the study area are 
generally small and characteristically occur as a series of low 
amplitude wavy laminae at the base, which pass gradually upward into 
highly contorted laminae (Plate 7a). After reaching their maximum 
amplitude (generally less than 0.5 m), the folds gradually die out 
upwards, until the overlying laminae are planar and .uncontorted. 
Occasionally, folds are affected by small fractures and faults which 
are interpreted as pene-contemporaneous features, perhaps related to 
the variable competence of the sediments. The fact that both chert and 
phosphorite beds are affected by slumping (Plate 7b) is relevant to the 
interpretation of these sediments and is discussed in Chapter VIt. 
Intraformational breccias Two zones of disrupted bedding occur in close 
proximity within the upper part of the phosphorite sequence in Rufous 
Creek Trench and are associated with an area of low angle cross 
stratification (Section F, Rufous Creek Trench, Plate 6d). The 
breccias reach a maximum thickness of about 50 ems and extend laterally 
for at least 2 or 3 m. Platy, angular mudstone fragments up to 5 cm in 
length are arranged randomly withiri a fine - grained packstone 
phosphorite matrix. Locally, continuous laminae r'esembling the 
fragments can be traced laterally into areas where the laminae are 
broken into discrete clasts within the plane of bedding and, 
progressively, into areas of rando~ly oriented clasts. In this way all 
gradations from dis-oriented clasts, slightly disrupted laminae and 
continuous laminae are observed. This brecciation is similar to that 
described as "intraformational sharpstone conglomerate" by Conybeare 
and Crook (1968) and as "flat pebble intraformational conglomerate" by 
Pettijohn (1957) and attributed by the former to pene-contemporaneous 
erosion or disruption of the lateral extension of the strata in which 
the conglomerate occurs. 
87 
PLATE 7 
a) Close-up view of small-scale slumping developed in laminated 
phosphorites. 
beds.) 
(Rufous Creek Trench - above the marker chert 
b) General view of slumped phosphorites and associated chert beds. 
(Trench E2 - east of section A). 
c) General view of trough structure (Trench E6; 
scale). 
hammer gives 
d) Close-up view of contact between phosphatic chert breccia of a 
trough structure and underlying phosphorite units in 
Microsphorite Trench - Eastern Zone. 
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Ano~her type of brecciation occurs at the contact of the 
phosphorite and overlying cherty siltstone sequence at the western end 
of Rufous Creek Trench (Sections A and C, Figure 14). It consists of 
up to three lenticular zones of slightly phosphatic chert breccia 
composed dominantly of coquinitic chert clasts and lesser siliceous 
siltstone and fine phosphorite clasts up to 30 cm in diameter set in a 
siliceous, slightly phosphatic matrix. Maximum thickness of the unit 
is 1.5 m. Discontinuous chert bands within and laterally equivalent to 
the breccia indicate poorly preserved bedding and the whole unit lies 
in a well bedded sequence. Laminated coarse and fine phosphorites 
underlie it with an irregular contact and well bedded cherty siltstones 
conformably overlie it. A synsedimentary origin for the breccia is 
considered likely on the basis of its conformable situation, the 
preservation of bedding and the heterogeneity of clasts derived from 
laterally equivalent and adjacent units, although clasts tend to be 
more equidimensional than those described as typical of disrupted 
bedding by Conybeare and Crook (1968) and Pettijohn (1957), possibly as 
a consequence of their dominantly siliceous nature. It is possible 
that in this case, brecciation is the result of intraformational 
slumping of hydroplastic sediments rather than of disruption caused by 
currents or waves, or of dissection of previously consolidated 
sediments (Pettijohn, 1957). 
c) Miscellaneous features: 
Trough structure and associated lithologies: An unusual structure 
within the phosphorites occurs in Trench E6, where a unit of phosphatic 
chert breccia was observed to infill a channel- like structure 
apparently cut into an underlying fine-grained packstone phosphorite. 
The structure is about 1.7 m deep and 3.5 m wide. Plate 7c and 
Figure 18 show its main characteristics and relationships with adjacent 
lithologies. The phosphatic chert breccia (Unit II in Figure 18) 
LITHOLOGY 
BEDDING 
TYPE 
SEDIMENTARY 
STRUCTURES 
OTHER 
FEATURES 
I 
Coarse to medium 
bioclastic grain-
stone phosphorite 
I 
II 
Phosphatic 
chert breccia 
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III 
Very fine pelletal 
packs tone 
phosphori te 
-------------------,--------------- -------------------
Medium to thin : Poorly bedded,, Relatively massive 
bedded, and : discordant : to diffusely 
thinly laminated lower surface : laminated 
Medium-scale 
planar cross-
stratification, 
well preserved 
laminations 
I 
---------------1-------------------
Possible scour: Small-scale planar 
and fill cross-lamination 
locally suggested 
I 
-------------------,---------------,-------------------
Bedding 
dislocated by 
small fractures 
Disrupted : 
bedding due tol 
brecciation 
I 
------------·------------------- ---------------,-------------------
28. 82% 5. 36% 35.64% 
lm 
Fig. 18: Trough structure and associated llthologles of Trench E6. 
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consists of angular to subangular clasts of chert up to 10 cm across, 
randomly scattered in a matrix of silicified, slightly phosphatic 
siltstone (5% P2o5). The chert clasts have fine-grained pelletal fabric 
with only minor angular, platy, unidentified fossil fragments; they 
occasionally show very thin internal laminations consisting of 
alternating dark and light laminae. The base of the breccia clearly 
cross-cuts bedded underlying phosphorites (Unit II in Figure 18) and 
shows no unusual concentration of secondary oxides. Planar bedding 
structures within the breccia are sub-parallel to the trough base 
(Plate 7c). The breccia grades laterally into a unit up to 1 m thick of 
similar characteristics. This unit is poorly bedded and concordant with 
the overlying unit, but its contact with the underlying unit is 
irregular, sub-concordant and sharp. The unit overlying the breccia 
(Unit I of Figure 18) is a typical medium to coarse grainstone 
phosphorite, having a poorly exposed contact with the underlying 
breccia and, in this area, showing gently dipping planes similar to 
low-angle cross bedding. 
Similar trough structures infilled with phosphatic chert 
breccia have been observed in Microsphorite Trench of the Eastern Zone; 
here also the base of the breccia appears to be a scoured surface in 
underlying, bedded phosphorites (Plate 7d). Three main possibilities 
exist for the origin of these trough structures and infilling breccias: 
(a) They represent tidal or subaerial channels cut into phosphorites 
and subsequently in filled with sedimentary breccia ( diamictt te) 
derived from the adjacent cherty units. The trough features of 
Lady Annie have only limited similarity to those observed in the 
southern part of the D Tree deposit which Howard and Cooney ( 1976) 
attributed to contemporaneous subaerial erosion. The D Tree 
features are up to 10 m deep, cut into mudstone phosphorites and 
filled with weakly phosphatic, kaolinitic quartz sandstone; they 
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are overlain by bedded· phosphori tes and cherts. 
(b) They represent an intraformational brecciation phenomenon. The 
similarity of the breccias in the trough structures to breccia 
previously attributed to intraformational brecciation in Rufous 
Creek Trench has already been noted, although there the breccia was 
more heterogeneous and was more conformably localised within a well 
bedded sequence. 
(c) They represent a weathering feature in which the "trough" may be 
due to collapse of the overlying units as a result of leaching of 
more soluble minerals. Points in favour of this hypothesis include 
the lack of a clear bedding relationship with the unit overlying 
the breccia and the presence in the former of inclined bedding. 
Both points also suggest that the unit may have been involved in 
collapse. 
The available evidence appears on balance to favour the last 
interpretation, although the mechanism to produce a well defined 
cross-cutting base is unclear. Furthermore, the collapse breccias 
observed in the southern trenches have well defined sub-vertical walls 
and poorly defined, apparently gradational bases. It is clear that if 
the trough structure and infilling breccia are the product of collapse, 
they have origins different to those of the southern trenches. 
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C~illPTER IV 
PETROLOGY AND MINERALOGY OF 
THE PHOSPHORITES AND ASSOCIATED SEDIMENTS 
4.1 Introduction 
Using the longitudinal trench sections drawn up on the basis of 
field observations, one composite vertical section for each of the 
southern trenches and for Trench E3 was constructed from the most 
representative measured sections showing the maximum vertical thickness 
exposed. These composite sections were taken as being representative 
of the trench sediments for the purpose of detailed petrological and 
chemical analysis. In each of the northern trenches E4 and E6 the 
single section that had been measured was taken as being 
representative, although in this case petrological examination was very 
limited. In general three main lithological types were recognised 
within the phosphorite sequence in the trenches: phosphorites, cherts, 
and siliciclastic sediments. The detailed description of the petrology 
and mineralogy of these sediments is the main concern of this chapter. 
4.2 Laboratory investigations 
Mineralogy 
Qualitative X-ray diffraction techniques were employed for this 
study in order to identify mineralogical composition of sediments. 
A total of 174 samples from all the field units making up the 
representative sections and 25 samples from field mapping were 
ground in an agate pulverizer in order to avoid contamination, and 
subsequently run in a diffractometer with Ni filtered Cu radiation. 
Identification of different minerals in the diffractograms was 
carried out using the Search Manual for Mineral Powder Diffraction 
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File, published by the Joint Committee on Powder Diffraction 
Standards (1974). 
Chemical Analysis 
Spectrophotometric determination of phosphorus was utilised to 
obtain the P2o5 content of the above 174 samples plus a further 136 
from field mapping. All measurements were carried out using a Pye-
Unicam SP500 S-2 Spectrophotometer equipped with 10 mm quartz flow-
through cell and automatic sample changer. The method involved the 
development of the yellow molybdovanadophosphoric acid based on the 
procedure of Baadsgaard and Sandell (1954). Phosphorite samples 
were dissolved in hydrofluoric/nitric and perchloric acids and, 
after colour development, the absorption was measured at 430 mm 
against reagent blank. Calibration was prepared using NBS 561 
Phosphate Rock Standard and all dilutions were made gravimetrically 
<.:t.0.001 g accuracy). The calibration curve (range 21-42 ppm P2o5 ) 
was linear to within 0.48% relative standard deviation. 
Petrology 
Seventy four samples from the least weathered units of the southern 
trenches and Trench E3, and another 22 from field mapping, were 
selected for thin sectioning. Petrographic examination was carried 
out with a Leitz microscope, and data were noted on a standard form 
for each sample. This resulted in much valuable information 
regarding primary fabrics, textures, and sedimentary 
micro-structures. Although emphasis was placed on primary 
features, diagenetic and secondary alteration were also noted. 
Compilation of data 
The data obtained in the field and laboratory were organised 
into vertical logs for each of the composite sections and these are 
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shown in Figures 19 to 24. In the construction of these sections, thin 
adjacent field units of similar character were grouped together for 
ease of presentation. The parameters indicated in these figures are as 
follows: 
a) Lithology: An amended form of the Dunham (1962) classification of 
carbonate rocks was utilised to classify phosphorites. This has 
been described in detail in the previous chapter. 
b) Grain size: This was visually estimated in hand specimens and in 
thin sections using the grain size scales for sediments of Folk 
(1968). This column indicates the principal components of the 
sediments but not their size frequency distribution. 
c) Miscellaneous features: This includes al'l the relevant sedimentary 
features observed in the sediments throughout the trenches, not 
only in the composite sections. These include sedimentary 
structures, bedding types and such phenomena as brecciation, 
slumping and micro features observed in thin section. 
d) Sorting and roundness: These were visually estimated in hand 
specimens and in thin sections by comparison with charts of 
"sorting and sorting classes" of Pettijohn, Potter and Siever 
(1972) and "roundness and sphericity" of Powers (1953). 
e) Major and minor components: The two principal components of tne 
phosphorites and cherts, skeletal fragments (bioclasts) and ovoid 
grains (pellets) are represented by specked and circular patterns 
respectively. The minor components, principally irregular and 
structureless particles, rounded intraclasts, oolites and detrital 
grains, are represented by a shaded pattern. Determination of the 
nature and distribution of major and minor components in samples 
of phosphorites and cherts was estimated by the point counting of 
over 100 grains in selected sections. This point counting took 
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into account the fact that sediments were relatively well sorted. 
It was done by counting every grain along parallel lines, 5 mm 
apart across three-quarters of the slide. 
f) Fossil types: Because of abrasion it was possible to identify only a 
few of the bioclasts. Other fragments were classified according 
to their form: very angular, elongate and wavy fragments, rounded 
platy fragments, rounded elongate fragments and rounded spicules. 
As an addition to thin section examination, the disaggregation of 
three samples of grainstone phosphorite was undertaken by 
Dr. J.H.Shergold of the Bureau of Mineral Resources, Geology and 
Geophysics, Canberra, in order to attempt the identification of 
the faunal assemblage. 
g) Detrital grains: These include detrital quartz and minor quantities 
of micas and clay minerals. 
h) P 2o5 analysis: All field units making up the composite sections were 
analysed to establish the vertical variation of P2o5 throughout 
the sequence. 
i) X-ray diffraction mineralogy: Carbonate fluorapatite, silica, clays 
and dolomite have been plotted in this section. Other accessory 
minerals such as micas and iron oxides were not included in the 
figures. All field units making up the composite sections were 
analysed. 
On the basis of these parameters the sections were divided into the 
major sedimentation units which are indicated in the left hand column. 
The definition and description of these units are given in the next 
chapter. 
l 
LITHOLOGY 
Phosphori tes: 
tirrmmmmmrni · ··· >f-_-~>:~ · -_,~,,, __ ·:,,, ···1 
Grain stone Pack stone Wackestone & Mud stone 
l~~.J Phosphatic chert breccia 
Terrigenous sediments 
~ Siliceous sandstone 
~chert nodules 
with abundant 
~ 
v~~;:J 
1-u --1 
-·· -·· 
E-===i ~
Siliceous quartzose siltstone 
with abundant chert nodules 
Friable immature fine quartziti c 
sandstone 
Friable sandy siltstone 
Friable si It stone and mud stone 
Cherts: 
~Bedded or nodi.:lar chert 
r-==:=1 Silicified coquinite made up of 
~ hyolithids 
REFERENCE 
MISCELLANEOUS FEATURES 
;:;::::, anastomosing, wavy 
phosphorite laminae 
wE'll bedded chert layers 
C> lenticular bedding 
.C::::::::. undulating bedding 
surface 
_/_L medium planar cross 
lamination 
CT\ 
J2 
6 
\..J 
~ 
-
g] 
[E 
micrograded bedding, 
positive (bottom coarse) 
microfeatures including 
microcross laminae and 
microslumped laminae 
slump structure 
trough - Ii ke -st rue tu re 
(concave bottom and flat top) 
in filled with phosphatic 
chert - breccia 
phosphatic- chert-breccia 
scour s true ture 
carbonate inclusions 
pyrite pseudo morphs 
MAJOR COMPONENTS 
~ bioclasts 12.i.sJ 
~ pellets(includi~ ovyles, nuc,leate d pe1Jets and rou e 
intraclasts only) 
D other components 
FOSSIL TYPES 
"V' trilobite frogs. 
-"" hyolithid 
-Et bro chiopod " 
0 well rounded plates 
<::::>' rounded elongate forms 
.J!.- rounded s.pi cu Jes 
c::::::;:;- angular, wavy elongate 
forms 
~- bioclasts in general 
vr very rare 
r : rare 
p : present 
c common 
o : abundant 
,0 
---J 
LU 
_J 
I 
0 
z 
LU 
0:: 
f-
'-" I~ 
0 I" ~ 
~ f~ oc w 
7 :iii 
~ 
0 
-= oc l~ x 
~ 
0 
oc"' 
"' 
-,_ 
z 0 w 
~ 
oc 0 
0 0 oc 
?j u 
-
~ u 
~ t:J a. ~ 
~I~ 
7 • h.lln_ 
oc l 0 ;,' > ::; ~ 0 
0 '9 ~ ~+:o 
' 
I 0 :::: 11 ! l ~ ~1 __ r ___ V) ___ M __ 
~--
7 
::-:\=---:=i 
D'.) 
--------------------rTlllnmr 
%01> 
~-----.__ 0/o 01 
D\ 
0 
---~Lf-puos OSJOOO puos wn!pa·JJ 
puos BU!I 
ii!'5 
,; 01:> 
)I - .0 
---:_fil __ __:2J_ --~-J~_~"'~-~~--r~~"" 
,... 
w 
.r:. 
() 
c 
Q) 
... 
I-
-0 
c 
0 
.... 
() 
Q) 
(/) 
.... 
... 
Q) 
> 
OI 
LL 
TRENCH RUFOUS CREEK 
I SEO I 
n I T 
GRAIN SIZE 
K 
J 
H 
c 
D 
~-;~;;~~ ~ 
- :;: ~ ~ =- "" '-' u 
. 
0 0 ~~~~ ~ 
oo 
0 
0 
0 • ~ 0 . , 
~ 
> 
Flg.20: Vertical section of Trench Rufous Creek 
DETR ITAL 
GRAINS 
p 0 
2 5 
2 
XRO MINERALOGY 
!Apofit~ Sill co I C lays:Dolom 
I 
I 
' I 
I 
I 
I 
1 
I 
r 
I 
f 
I 
I 
~ 
I Orn ~ IE EIE ElE ~ i ~ 
'° 
'° 
TRENCH L.A. E 2 
SEO. 
UNIT 
T 
a 
- _G 
T 
Q 
M 
E 
A•G 
G 
D•E 
-e 
D j_ -
A I 
Be 
D 
L1THOLOGY~•llf Gt-14:'\I SIZt.~!SC. THl'\I SORTIN 
_______ 21ES TURE STIU 
'f ,, 
>- .... "'O'O'O 
~ -= cc c 
o 11' CJ a o 
~ ~ ~ 
0 
0 
" 
ROUND- MAJOR FOSS' !1.INOI=! OEHHTAL 
NESS CCMPO~ENTS TYP COIVPONENTS GRAINS 
---- ·-
81oc vs Pelle~ lotroclot Oolilu 
e 
Flg.21:Vertlcal section of Trench E2 
100 
XRDMlNERALOGY 
Apotll Silica Ctaya 
;;! ;;! 0 ;; 0 .? 0 
<:? 0 ·;; 0 < ~ 
" 
E E E • 
TRENCH L.A. E 3 
r;;;i 
\JNIT 
"l~r GRA' SIZE 1;:;. !S::~ORTl~J~ ROUND i.1AJOR FOSS! \tlNOR j:iETRITAtJ P2 0 5 ! XRO Ml\IERAL0'3'f ·~- ----,... fr~_q_ ?7.~si I l~ffss co ... 1Po~11::'Jrs YPE ;or.t?ONE"NTS :GRAi~S I 
'l" B:c,~ vs Pe. e~s .n·rac.,as!$; Qo, !es j :~aar:~· S .. c:c:J C.;;ivsl.:io:om 
Q ii 11 ) Ii !L, • I 
I ' 1 I ' 
I I i 
M 
) I . L I I !L '. 
j ~ ~lln~I 
I I I I 
'lf 
D 
A 
M 
' 
A 
~ ~ ~ i c ~ aa ~ . . . . 0 0 gg 
• E ~~ 
0 
~ 
. 
" 
g . • E 
"' 
u 
0 
Flg.22: Vertical section of Trench E3 
I 
l) 
z 
w 
a:: 
I-
~ 
0 
Q 
. ,.. 
-------------------+':~~·",~=: 
a 
u 
a 
u 
i ----- -------~-
ii 
~ ---
------~ 
---- ___ J-°=[~~~~~ 
JOU W 
JO,DW 
JO(Dw 
0/o Qf1 
O/o QI 
D 
' ,d 
l--+----------------L--1--~__J __ _L ______ __j_L ________ --t" 
D 
' ,d 
-·----·-----------~----·---------·-··- . ---------- - -- ----------------------------!- JA 
D 
' ,d 
>--=>-=+='-+----------··- -- ----··----------------------------+ " 
(/) ·tz ---------- --------~--··---------
E: 
0:: z ~ 
0 :i 
~" u ~ 8 ~ 
i--~-+-----------~------·------------------------------------j 
0/o QCS 
102 
'II' 
w 
.c 
0 
c 
Q) 
----------t- pepo'J .<pood '-
1-
"_~, V> ::> i I-' N 
.;; 
z 
!1-- ·---- ~-! 
>-
"' . 0 
_, 
0 
J: 
1-
::; 
1--- "'] I 
__ E __ ~
0 
---· ------··- ··------··------- -----------------------------------------j 
-w----- - --i-~-
- __ J]___ ______ ___L=:_ 
puo!> 8SJ'OOJ 
puos wn!pa~ 
puot 0.UIJ 
IPS 
.<01:> 
-0 
c 
0 
.. 
0 
Q) 
0 
.. 
... 
Q) 
> 
C? 
Cll 
. 
Cl 
u. 
TRENCH L.A.E6 
SEO 
p 
0 
H 
L 
+ 
M 
Q 
A 
LITHOLOGY 
• 
6 
5 
>- - "C "O "O 
0 .-=. c: c: c 
u en o o o 
... 
• E • 
c " • 
- ·- ~ 
- .., 0 
.. 0 
E "' 
.LL 
7Z, 
.l.L 
.LL 
tJ 
@] 
\J 
"' ~ 
~ 
0 
. 
?: 
~ 
0 
0 
a. 
Flg.24:Vertical section of Trench E6 
.., 
" ":: 
0 
.. 
.. 
ill 
ROUNDNESIS MAJOR IOSSI 
COMPONENT TYPE 
... ~ "C "O 
~~ 0. 
:::» :J "C"O 
at~ c: c: 
cc::::» :J 
oa o o ~~ 
.0 
:I 
. • ): 
Bloc .s Pellets 
-,,-,-''} 0 0 ~ 0 1&:::1,. ~~>~~:~~' 0000000,0_~ 'r::::::7 
~ 0 
0 
.... 
MINOR 
COMPONENTS 
lntraclas-Oolites 
DETRITA 
GRAINS 
p 0 
2 5 XRO MINERALOGY 
Apatltt SilicdCloys !Dolom 
0 
E 
0 
w 
104 
4.3 Phosphorites 
As stated previously, all varieties of phosphorite are present, 
from coarse grainstone, through coarse to medium packstone to very fine 
packstone, coarse to fine wackestone (depending on allochem size) and 
mudstone phosphorite (see Figures 19 to 24). All varieties are com~sed 
dominantly of carbonate fluorapatite [Ca5CP0 4 )3CF,C03)J and silica. 
Minor com~nents are primarily clays (mainly kaolinite and lesser 
illite); micas (muscovite and possibly sericite) and dolomite were 
detected in only minor quantities. Goethite is locally im~rtant. 
Carbonate fluorapatite occurs only in its finely micro-
crystalline form, and no other phosphate minerals were identified as 
major constituents by the X-ray diffraction techniques used in this 
study. In this sense, the Lady Annie phosphorites are similar to the 
other deposits of the Georgina Basin which consist almost entirely of 
finely crystalline carbonate fluorapatite with very minor and localised 
occurrences of crandallite and other aluminium phosphates of secondary 
origin (Russell and Trueman, 1971, de Keyser and Cook, 1972; Cook, 
1972). Following general usage, the term "collophane" has been used in 
this work to describe carbonate fluorapatite of finely microcrystalline 
and crypto-crystalline form (Mabie and Hess, 1964; Cook, 1972). Typical 
X-ray diffractograms for two high-grade coarse grainstone phosphorites 
are shown in Figure 25; one sample (upper part of Figure 25) is of a 
diffusely laminated, well bedded grainstone with 35.5% P2o5 (E2-C/8) 
and the other (lower part of Figure 25) of a grainstone with 
intercalated laminae of densely beddect collophane grain fabric having 
38.7% P2o5 (RC-A/4), In diffractograms of all phosphorites, silica is 
the dominant gangue mineral and is observed in thin section in both 
authigenic and detrital form. Authigenic silica occurs both as discrete 
chert bodies and small, irregular zones .of partially cemented and 
replaced collophane grains in which corrosion features are observed. An 
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inverse relationship between r2o5 and silica content is observed 
throughout the vertical sequences (Figures 19 to 22). The dominant clay 
mineral assemblage of kaolinite (and to a lesser extent illite) found 
in this study agrees with the results of a more detailed and broad-
ranging study of clay mineralogy undertaken by Cook and Armstrong 
( 1972)' from phosphorites along the eastern margin of the Georgina 
Basin, and including the Lady Annie deposit. These authors determined 
that kaolinite and illite together make up over 80% of clay minerals, 
with illite being slightly dominant over kaolinite in pelletal 
phosphorites (44% to 38%) and the reverse being the case for mudstone 
phosphorites (36% to 423). Smectite and chlorite were found to be minor 
components (183 and up to 4% respectively). Iron and manganese oxides 
(dominantly goethite) may be important components of weathered 
phosphorites, and occur typically as thin layers parallel to bedding, 
infilling intergranular porosity and as disseminated blebs, possibly 
pseudomorphs after pyrite. No carbonaceous or bituminous material has 
been detected and the only reference to such material in the outlier is 
as grey-black carbonaceous chert in the deepest part of drill holes 
near the Western Fault (Rogers and Keevers, 1976). 
Chemical analyses of typical high-grade phosphorites are shown 
in columns 1 and 2 of Table V, from Rogers and Keevers 
(1976). These show the dominance of P2o5 , Cao, Si02 and F, which 
together make up over 94% of both pelletal (column 1) and non-pelletal 
(column 2) phosphorites. 
Cellophane grains 
Grainstones and packstones are composed of a self-supporting 
framework of sand-sized cellophane grains which are characteristically 
moderately to well sorted and rounded (Plate 8a ,b ,c); coarser 
varieties are frequently very well sorted and well rounded except where 
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"Pelletal Cellophane "Nonpelleted 
phosphorite" mud stone phosphorite" 
(Grainstone 
or packstone) 
(Rogers and (Rogers and (Cook, 1972) 
Keevers, 1976) Keevers, 1976) 
2 3 
P205 34.60 35.00 13.20 
: ... · -;'.: ,-, -<· -.~ Cao 47.90 48.20 19.30 
Si02 8.20 10.30 57.80 
Al 2o3 1. 82 1. 59 3.75 
Fe2o3 1. 07 o. 14 1. 16 
FeO 0.01 
MgO 0.29 0. 15 o. 14 
Na2o 0.18 0.04 0. 11 
K2o o. 35 o. 09 o. 46 
Ti02 o. 08 0.05 0.33 
MnO o. 02 
H2o+ 0.84 0.70 1. 48 
H 0-2 0.67 0.53 0.63 
co2 1. 10 1. 20 0.55 
so3 0.50 o. 07 
F 3.55 3. 16 1. 06 
Organic 0.40 0.60 
matter 
Less O 1. 49 1. 33 o. 45 
equi F 
TOTALS 100.06 100.49 99. 71 
TABLE V: Chemical composition of phosphori tes and phosphatic mud stones 
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PLATE 8 
a) Photomicrograph of a typical coarse skeletal-ovulitic 
grainstone phosphorite composed largely of abraded skeletal 
debris and other structureless ovulitic grains. Iron stained 
zones are commonly present. (Plain light) 
b) Photomicrograph of a typical coarse skeletal-ovulitic 
grain stone phosphorite. Note the grade of sorting and 
rounding of grains. RC- D13. (Plain light) 
c) Photomicrograph of a packstone phosphorite composed of 
ovulitic grains and rounded elongate skeletal grains. RC-A12. 
(Plain light) 
d) Fine-grained sand detrital quartz settled in a fine matrix of 
phosphori te. (Plain light) 
e) Photomicrograph of a mudstone phosphorite from the top of 
Trench E2. the phosphori te is composed of fine elongate 
angular and platy skeletal debris orientated parallel to 
bedding and other ovuli tic grains settled in a fine-grained 
phosphorite matrix. Circle shows location of Plate 8f. 
E2-C30. (Plain light) 
f) Unidentified ovulitic grains (intraclasts?) and angular 
elongate bioclasts in a matrix of fine-grained phosphorite. 
E2-C30. (Plain light) 
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they contain angular and platy bioclast lenses. Grainstones are 
invariably coarse- or medium- grained and packstones tend to be finer-
grained than grainstones, with the very fine-grained varieties grading 
to wackestone phosphorites. Wackestone and mudstone phosphorites 
contain minor coarse· to fine-grained allochems and in these lithologies 
rounding and sorting is less well developed than in grain-supported 
varieties; in addition fine sand to silt sized detrital terrigenous 
grains occur in variable proportions (Plate 8d, e and f). 
Five types of cellophane grains have been recognised, following 
the classifications of Mabie and Hess (1964) for carbonate grains: 
skeletal fragments (bioclasts), ovules, rounded intraclasts, nucleated 
and polynucleated pellets and oolites. Irregular platy particles 
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composed of structureless collophane have also been recognised but are 
restricted to thin laminae intercalated with normal grainstone and 
packstone phosphorites and are discussed separately, as they appear to 
be associated with compactional features (see section headed 
"Microstructures" later in this chapter). The proportion of each of 
these five types varies throughout the vertical sequence, as shown in 
Figures 19 to 22 but overall, the grainstone and packstone phosphorites 
are dominated by rounded skeletal and ovular grains, which together, 
commonly make up over 90% of all grains. 
a) Skeletal fragments (bioclasts): These grains are typically round to 
sub-round sand-sized grains which can be identified on the basis 
of their external form or internal structure as fossil fragments. 
Most are too abraded to allow assignation to a particular phylum 
and a transition from abraded bioclasts to structureless, ovulitic 
forms is observable. Rounded bioclasts are the dominant grain 
type in most of the coarser phosphorites, often forming 60-80% of 
total grains. Angular collophane bioclasts are rare in the 
coarser phosphorites and tend to be concentrated in lenses within 
the normal rounded grains. They also occur as scattered grains in 
wackestone and mudstone phosphorites, where they may be dominant 
over rounded forms. 
The dominant fauna identified from skeletal fragments of the 
coarser phosphorites are the carbonate sponge Chancelloria and 
related species, and echinoderms. Chancelloria is recognisable by 
abundant spicules and plates (P.Palmer, pers. comm. 1978; 
Sdzuy, 1969); the spicules having a characteristically 
flask-shaped form. Plate 9a shows a rare well-preserved specimen 
and shows how, on break-up, the plates and spicules generate sand 
sized grains. Fragments of Chancelloria and other unidentified 
sponge spicules were the only recognisable fragments after 
disaggregation of 
(J.Shergold, pers. 
· three samples . of coarse 
comm., 1980) and are believed to 
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phosphorites 
make up a 
large proportion of the grainstone and packstone phosphorites. 
Ovulitic to rounded polygonal fragments similar to those 
identified as echinoderm plates by Fleming (1977), with a 
characteristically fine reticulated network, are also abundant 
(Plate 9b) • Most equidimensional fragments with relict polygonal 
forms are, however, structureless and may be plates of either 
Chancelloria or echinoderms. 
Trilobite fragments do not appear to make up a significant 
proportion of grains overall, though locally they may be abundant. 
They occur as large, thin, angular and wavy fragments, frequently 
with characteristically hooked ends, and are concentrated in 
discrete, often silicified, lenses within normal grainstones and 
packstone, particularly at the base of Trenches E1 and Rufous 
Creek (Plate 9c). Hyolithids, on the other hand, appear to be 
widespread and frequently occur whole.· They are most common in 
Trench E2 where they are found within beds of coarse grainstone 
and packstone and abundantly in a thin but persistent bed of 
silicified hyolithid coquina. 
Apart from these positively identified groups, bioclast shapes, 
particularly curved, elongate and thick shapes, suggest the 
presence of other groups, including molluscs and brachiopods. 
This faunal assemblage is very similar to that recognised in the 
Duchess area by Fleming (1977). The assemblage suggests a 
carbonate precursor for a high proportion of the allochems since 
both dominant skeletal components, Chancelloria and echinoderms, 
had hard parts composed originally of calcite or magnesium calcite 
(Sdzuy, 1969). Of the other fauna, only inarticulate brachiopods 
are definitely known to have had highly phosphatic shells (Rhodes 
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and Bloxham, 1969) ·although it appears on balance that their 
phosphate content was low and they have been replaced by 
collophane (Fleming, 1977). 
b) Ovules: These are collophane grains with ellipsoidal to spherical 
form showing no identifiable internal structure (Plates 8a and 
8b). They are generally of the same size as the skeletal 
fragments with which they occur in varying proportions as the 
major components of most ph9sphorites. They frequently make up 
more than 40% of total grains, with a maximum of about 70%. They 
appear to increase in proportion relative to bioclasts in finer-
grained phosphorites and, since there is an overall upward 
decrease in grain size in the southern trenches, they tend to show 
an upward-increasing pattern in Figures 20 and 21. This pattern 
is probably due, in large part, to the increasing difficulty in 
recognising skeletal fragments in the finer packstones and 
wackestones. Figure 26 shows the relationship between rounded 
skeletal grains, angular skeletal grains and unidentified ovules 
for 18 thin sections from phosphorites and 9 from well bedded 
chert. The absence of internal structures makes the origin of 
ovules problematic and the various possibilities are discussed 
elsewhere. 
c) Rounded intraclasts: These are spherical to ellipsoidal grains 
consisting of very fine-grained, phosphatised bioclasts and ovules 
and siliceous sponge spicules set in a fine, structureless 
collophane matrix (Plate 9d). They are normally of the same size 
or slightly larger than the ovules and bioclasts with which they 
are associated in coarse grainstones and packstones. They are 
most common in Trench E1 where they make up to 10% of samples, 
with an average of 8%. They are also common in 
wackestone-mudstone phosphorites in the upper part of Trench E2; 
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elsewhere they are frequently absent or form a minor component. 
d) Nucleated and polynucleated pellets: These grains consist of a 
structureless or weakly concentrically banded collophane rim 
formed around a nucleus of one or more silt-sized quartz grains, 
skeletal fragments or, less commonly, unidentified opaque mineral 
(Plate 9f). This type of grain is extremely rare. The relative 
dimensions of nuclei and pellets vary and include both encased 
pellets and nucleated pellets, in the terminology of Mabie and 
Hess (1964). 
e) Oolites: These are typical oolites, consisting of spherical grains 
with well developed concentric bands (Folk, 1968); no nuclei have 
been observed. They are extremely rare and only one oolite has 
been observed in a thin section of phosphorite; however, they are 
slightly more common in pelletal cherts (up to 0.5% of the total; 
Plate 9f) and this may indicate that their diagnostic structure 
has been destroyed in phosphorites. They are always small (about 
0.1 mm in diameter). 
In summary, the faunal assemblage and the phosphatic allochems 
in the Lady Annie phosphorites are very similar to those described from 
the other Georgina Basin phosphate deposits (de Keyser and Cook, 1972; 
Cook, 1972), Duchess (Russell and Trueman, 1971; Fleming, 1977) and 
D Tree (Howard and Cooney, 1976; Howard and Hough, 1979). 
differences, however, are apparent: 
Several 
the proportion of bioclasts is higher at Lady Annie than in most 
other deposits 
- the carbonate sponge Chancelloria has not previously been identified 
in the Georgina Basin 
- no grains of definite fecal origin (coprolites), such as those 
described by Fleming (1977) for the Duchess deposit, have been 
recognised at Lady Annie. 
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PLATE 9 
a) Vertical close-up view of a well-preserved Chancelloria in 
coarse grainstone phosphorite of the Rufous Creek area. 
Plates and spicules of this sponge are believed to have 
contributed greatly to the coarse sand size particles of the 
grainstone-packstone phosphorites. 
b) Photomicrograph of a rounded polygonal fragment with a 
characteristically fine reticulated network (echinoderm?) 
(Plain light). RC-013. 
c) Photomicrograph of trilobite fragments within coarse packstone 
phosphorite. (Plain light). E1-B1. 
d) Photomicrograph of a typical rounded intraclast showing 
included skeletal fragments. (Plain light). E1-B11. 
e) Photomicrograph of a nucleated pellet showing faint concentric 
layering. Nucleus is an unidentified skeletal fragment. 
(Plain light). RC-013. 
f) Photomicrograph of oolites in cherts showing the typical 
concentric layering. (Plain light), E2-C27. 
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Mudstone and wackestone· phosphorites 
Apart from its occurrence as al lochems, collophane 
(structureless microcrystalline carbonate fluorapatite) is present in 
the trenches of the study area as the principal component of mudstone 
and wackestone phosphorites, and also in the matrices of packstone 
phosphorites and phosphatic mudstones, siltstones and sandstones. 
Mineralogically and chemically, such collophane is similar to that of 
the pelletal phosphorites, as shown in Figure 27, two X-ray diffracto-
grams of typical high-grade fine-grained phosphorite, and in Table V, 
columns 2 and 3, which shows the chemical analysis of typical high-
grade non-pelletal phosphorite and phosphatic mudstone approaching a 
mudstone phosphorite (13% P2o5 ) (Cook, 1972). 
Both mud stone and wackestone phosphori tes have a 
matrix-supported fabric, mudstones having less than 10% of sand-sized 
grains and wackestones more than 10%. They form friable lenticular 
beds, usually with diffuse laminations and occasionally with 
bedding-parallel bands of irregular coquinitic chert nodules. They 
occur in the southern trenches only in the upper parts of E1 and E2 but 
they are common throughout the northern trenches, occurring interbedded 
with both terrigenous sediments and pelletal phosphorites. 
In thin section from the upper part of Trench E2, they are seen 
to be composed of scattered medium to coarse collophane grains set in a 
matrix of microcrystalline collophane (isotropic in polarised light) 
and variable proportions of terrigeous material, mainly silt-sized 
detrital quartz, micas and clay minerals. The collophane grains are 
poorly sorted, with platy, angular skeletal fragments dominant over 
rounded bioclasts and ovular grains of which rounded intraclasts are 
important components in some samples (Plate 8e and f). The fine 
detrital material is usually dispersed, but occasionally shows diffuse 
parallel lamination. Other sedimentary micro-structures are not 
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observed, and no evidence was found to support the algal origin 
suggested by Fleming (1977). The quantity of detrital material varies 
considerably, both within single beds and between beds, and all 
gradations appear to be present, from high-grade mudstone or wackestone 
phosphorite iWith over 35% P 2o5 (Table V, column 2) to phosphatic 
mudstones and siltstones with 10-15% r2o5 (Table V, column 3). Such 
terrigenous material appears to be the main factor controlling the 
grade variation in these beds. 
The mudstone and wackestone phosphorites described above 
correspond to the collophane mudstone described previously from the 
Lady Annie area by Rogers and Keevers (1976) and Fleming (1977) and are 
almost identical to collophane mudstones described from other Georgina 
Basin phosphate deposits (Russell and Trueman, 1971; Cook, 1972; de 
Keyser and Cook, 1972; 
Howard and Hough, 1979). 
Howard and Cooney, 1976; Fleming, 1977; 
The controversy surrounding the primary or secondary origin of 
these phosphorites is discussed in the next chapter. 
Microstructures 
Laminae: Fine primary layering within phosphorite beds is observed in 
thin section to be the product of several different phenomena. Diffuse 
lamination is most commonly caused by the alternation of slightly 
coarser and finer sediments and by the bedding-parallel alignment of 
elongate grains, particularly bioclasts; less commonly, it is the 
result of micro-graded laminae in which fine-grained packstones grade 
upwards into phosphatic mudstone. These features are most clearly 
observed in cherts, where compaction has not been significant 
(Plate 10f). 
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However, sharply d·efined bedding is commonly the result of 
diagenetic phenomena, chertified pelletal phosphorite and "laminae" 
resulting from the dense bverpacking of grains. These laminae are 
discussed below in some detail because of their importance. Both 
primary and diagenetically produced laminae are frequently enhanced by 
the bedding-parallel impregnation of secondary iron and manganese 
oxides. In thin section these are normally seen as diffuse zones one 
or two millimetres thick, but in the field they may form layers up to 
20 cm thick and frequently obliterate bedding relationships between 
phosphorite units, especially in the upper parts of the trenches where 
weathering is strongest. 
Compactional features: These were mentioned briefly in the previous 
chapter (Plate 6c) and are significantly different from the mudstone 
phosphorite discussed above, In thin section these laminae are observed 
to be composed of closely packed, lenticular to irregular platy, sand 
sized collophane particles arranged with their long axes parallel to 
bedding, In extreme cases grain contacts are not visible and laminae 
appear to be composed of porcellaneous structureless collophane 
(Plate 10a); thin layers of iron oxides are frequently associated with 
the laminae. Given the high packing density of the collophane 
particles, it is not surprising that the laminae commonly have P 2o5 
values above 38% and that their presence in grainstone and packstone 
phosphorites increases the phosphate content of these from an average 
of about 30% P2o5 to about 35%. However no mineralogical contrasts are 
apparent, as shown in X-ray diffractograms of two contrasting types of 
grainstones, one with and one without collophane mudstone laminae 
(Figure 25). The particles are creamy yellow in colour and have a 
structureless, porcellaneous texture which contrasts strongly with the 
generally grey and more grainy or micro-structured rounded bioclasts 
and ovules of adjacent phosphorites. In many cases the lenticular 
particles appear to be plastically deformed and texturally altered 
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pelletal grains since relict forms and structures are occasionally 
visible. Laminae formed of crnch grains are generally concordant and 
have sharp or sharply transitional contacts with the adjacent pelletal 
phosphorites, although laterally they are frequently observed to lose 
identity and merge with the pelletal phosphorites (Plate 10b). Locally 
the lenticular particles making up the laminae are separated into 
individual grains and appear to have collapsed into open areas of 
secondary porosity. 
As mentioned previously, on the basis of field observations 
these laminae were taken to be primary sedimentary or possibly early 
diagenetic structures. As a result of thin section examination and the 
observed presence of relict pelletal textures, however, it appears more 
likely that they are a compactional feature. 
The laminae are similar to areas of "strong bedding-parallel 
fabric and pressure solution contacts" described by Meyers ( 1980) and 
attributed to intense chemical and mechanical deformation on compaction 
including both plastic deformation and pressure solution of 
fine-grained bryozoan and echinoderm packstone limestones. A similar 
origin seems likely for the laminae. The laminae would thus represent 
thin zones of relatively intense compaction of pelletal phosphorites 
within a generally less compacted sequence. The more or less regularly 
spaced but anasmotosing character of the laminae may represent a form 
of compaction-dissolution similar to stylolite formation. Problems in 
this interpretation include the lack of observed cross-cutting 
relationships with adjacent, undeformed grains and the fact that 
cellophane mudstone laminae are affected by soft sediment deformation 
and therefore formed prior to lithification. Meyers (1980) calculates 
a depth of burial for the similarly deformed particles described as 
probably less than 30 m and perhaps as little as 10 m. 
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PLATE 10 
a) and b) Photomicrograph of closely packed, lenticular to 
irregular and platy, sand-sized collophane particles arranged 
with their long axis parallel to bedding. Irregular contact 
with the normal grainstone phosphorite. (Plain light). RC-A4 
and RC-D13 respectively. 
c) Photomicrograph of breakage and pressure solution at the 
contact between two skeletal grains of a grainstone 
phosphorite. (Plain light). RC-D4. 
d) Photomicrograph of typical coquini tic chert composed mainly of 
elongate wavy and angular fossil hash (trilobite hash?) (Plain 
light) • RC-D8. 
e) Photomicrograph of typical coarse pelletal chert containing 
allochems similar to those observed in grainstone and 
packstone phosphorites. Note the section of hyolithid in the 
bottom left-hand corner and bedding-parallel orientation of 
elongate grains. (Plain light). E2-C27. 
f) Photomicrograph of fine - grained pelletal chert showing 
micro-stylolites. Section shows diffuse lamination produced 
by coarser and finer grains. (Plain light). RC-23. 
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Evidence for compaction of original grainstone and packstone 
phosphorites superimposed on a parallel bedding depositional fabric 
comes from the rearrangement and re-packing of grains, the breakage and 
slight telescoping of rounded, elongate, thin-shelled fragments within 
the phosphorites, and mutual pressure solution at the contacts of 
adjacent collophane grains (Plates 9b, 10b and c). All these features 
are characteristic of moderate compaction by mechanical and chemical 
processes (Meyers, 1980) and have produced a moderately to closely 
semi-dispersed texture in the terminology of Mabie and Hess (1964). 
Further ev,dence that the pelletal phosphorites have in fact a higher 
packing density than the original sediment comes from the comparison of 
phosphorites with chertified sediments. Neither pelletal nor 
coquinitic cherts (Plates 10d, 10e, 10f) show evidence of compaction of 
allochems except by occasional post-chert stylolites. Even long, thin 
allochems are unbroken and grain contacts are fewer per grain than in 
pelletal phosphorites and show no pressure solution effects; packing 
density in the classification of Mabie and Hess (1964) is loosely 
semi-dispersed to moderately dispersed. These contrasting 
characteristics suggest that chertification was an early diagenetic 
phenomenon, preserving the original packing density of the sediments 
and protecting them from further compaction while, on the other hand, 
pelletal phosphori tes have suffered moderate compaction. In a study of 
cherts of the Duchess area, Fleming (1974) used a similar argument for 
the early diagenetic (pre-lithification) formation of cherts. 
4.4 Cherts 
All thin sections of cherts from the trenches show that chert 
formed as a result of the total or almost total replacement of 
pre-existing sediments. This is suggested by the presence of abundant 
clearly identifiable ghosts of bioclasts and ovoid grains, generally 
forming a grain-supported fabric (Plates 10d, e and f). According to 
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the allochem composition· of cherts, two extreme types are recognised. 
These consist predominantly of angular bioclasts with only minor 
amounts of "pelletal" grains ( coquini tic cherts) or predominantly 
"pelletal" grains with minor quantities of angular bioclasts (pelletal 
cherts). All gradations between these extremes exist, as shown in 
Figure 28 and Plates 10d, e and f. Coquinitic types are dominant and 
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In all thin sections silica textures include microcrystalline quartz, fibrous chalcedQny 
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(Refer to Figures 19, 20 and 21 for location of thin sections in the vertical sequences 
of tho southern trenches) 
all cherts tend to have a higher proportion of angular bioclasts than 
do grainstone and packstone phosphorites (Figure 26). A third type of 
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cheft occurs in chert nodules in Microsphorite Trench and consists of 
abundant ghosts of monoaxon, triaxon and tetraxon siliceous sponge 
spicules and rare angular bioclasts disseminated in a matrix of 
microquartz throughout the nodules (spicular chert, Plate 11a). This 
type of chert was not recognised in the vertical sequence of the 
southern trenches, although siliceous sponge spicules may 
disseminated in the siliceous groundmass. 
occur 
Coquinitic chert (Plate 10d): This consists of a fossil hash composed 
of large, angular and wavy fossil fragments forming up to 75% of grains 
and a smaller proportion of coarse rounded bioclasts and ovules; it 
occurs as both beds and nodules. Fragments are generally too broken to 
enable their identification al though hyolithids are frequently 
recognisable as making up a small part of the total. It is clear from 
the elongate and thin wavy forms of the bioclasts that they are of a 
different faunal assemblage to the rounded bioclasts of the coarse 
phosphorites and that, furthermore, they have undergone much less 
abrasion. From their form it seems likely that they consist dominantly 
of trilobite and/or bivalve fragments. The hyolithid coquinas observed 
in the phosphorite section of Trench E2 and in the overlying siltstones 
in Trenches E1 and E2 consist of entire and almost entire hyolithids 
and are unusual both because of the good state of preservation of the 
fossils and because of the dominance of one species. 
Pelletal chert (Plate 10e): In this type of chert, silica has replaced 
an original coarse packs tone or grainstone phosphorite, with 
subordinate angular bioclast fragments. Allochems are similar in type 
and size to those occurring in phosphorites (they include rare, small 
oolites) and occasionally retain total or partial cellophane 
composition, being isotropic in polarised light. 
Under high magnification, angular fossil fragments, rounded 
bioclasts and ovules of both coquinitic and pelletal chert types are 
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seen to be almost always completely replaced by silica and lie in a 
siliceous matrix; nevertheless, their form is perfectly preserved and 
they have distinct colour contrasts with the groundmass. Several 
silica fabrics are commonly present in each thin section: fibrous 
(acicular) chalcedony is the most common, occurring either as spherules 
with fibres radiating out from a central nucleation point or as fibres 
arranged normal to allochem boundaries; fine mosaics of 
micro-crystalline quartz (less than 10 microns) and holocrystalline 
megaquartz are also present. 
Angular, wavy fossil fragments are typically pale brown in 
colour and are replaced by fibrous chalcedony arranged normal to the 
grain boundary. On the other hand, rounded allochems are typically 
dark grey and replaced by microquartz or, less commonly, by fibrous 
chalcedony. the matrix typically consists of spherulitic chalcedony 
with lesser microquartz; however, allochems are frequently rimmed by 
holocrystalline megaquartz which may form an interlocking mosaic 
cementing adjacent grains. Primary and secondary pores are infilled 
with radiating fibrous chalcedony and a mosaic of megaquartz. Fibrous 
chalcedony frequently shows light brown concentric rims in ordinary 
light. 
In the majority of all the various types of cherts, accessory 
authigenic minerals were observed in the siliceous groundmass. The 
commonest are well formed rhombic ghosts which presumably were 
originally dolomite (Plate 11b). Other opaque cubic forms probably 
correspond to original pyrite, which has invariably been altered to 
goethite. In addition, coquinitic cherts contain abundant extremely 
small specks of carbonate dispersed throughout the rock and these, 
although present, are much less evident in pelletal varieties. 
Microstylolites were observed in two thin sections of chert; insoluble 
material such as clays and iron and manganese oxides have concentrated 
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PLATE 11 
a) Photomicrograph of spicular chert. Siliceous sponge spicules 
in megaquartz set in a microquartzitic ground-mass. 
(Polarised light). Chert nodule within fine-grained 
phosphorite in Microsphorite Trench. 
b) Photomicrograph of rhombic ghosts after dolomite in cherts. 
(Plain light). RC-06. 
c) Photomicrograph of a friable sandy siltstone within the 
phosphorite sequence in Rufous Creek Trench. Note the 
rounding of very fine sand-sized quartz grains set in a more 
angular silt-sized matrix. (Polarised light). 
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in the stylolite interval and the structure truncates silicified 
allochems. 
The cherts of the study area are similar in their persistent 
bedded form to those from other Georgina Basin phosphorites (Fleming, 
1974; Howard and Cooney, 1976). However, they show few petrological 
similarities with those described in detail by Fleming (1974) from the 
Duches.s area, which are in general allochem-free, except for occasional 
laminae of "pelletal" and largely unreplaced phosphorites. These 
cherts contain abundant calcite rhombs and consist essentially of 
microquartz. 
In conclusion, it is clear that the cherts of the trenches are 
replaced original sediments, some of which were composed dominantly of 
previously phosphatised allochems. Primary biogenic precipitation of 
silica is likely only in the case of the spicular chert of the eastern 
zone. It appears likely that, in most cases, silica preferentially 
replaced beds and laminae of high primary porosity and permeability and 
that multiple diagenetic generation of silica took place (however, the 
detailed paragenetic sequence is not discussed in this work). 
The observed association of microquartz replacing allochems and 
fibrous chalcedony and megaquartz in inter-granular areas is a widely 
recognised phenomenon (for example, Rapson-McGuigan, 1970; Meyers, 
1977) and has been explained in terms of the spacing of initial centres 
of silica crystallisation by Folk and Weaver (1952). According to the 
latter authors: 
"Replacement generally favours close spacing, resulting 
in the formation of micro-crystalline quartz. Direct 
precipitation into cavities favours wide spacing and 
the formation of bubbly chalcedonic quartz." 
Megaquartz in the cherts of the study area is interpreted as forming in 
larger, often secondary porosity. On this basis, the restricted 
presence of micro-quartz in inter-granular areas suggests that the 
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original sediment was largely matrix- (and cement- ) free; that is, a 
grainstone. 
4.5 Siliciclastic sediments 
As stated in the previous chapter, siliciclastic sediments 
occur rarely within the phosphorite sequence of the southern trenches, 
either as thin lenticular beds of friable sandy siltstone and mudstone 
or as relatively continuous laminae of slightly dolomitic mudstone. In 
the northern trenches, however, lenses up to 1 m thick of extremely 
friable, pale yellowish grey sandy siltstone are commonly intercalated 
with fine-grained phosphorites of controversial origin, Mineralogical 
analyses of samples from lenticular beds of terrigenous sediments in 
the southern trenches indicate that kaolinite and silica are the major 
components, al though other clays and micas ·are al so present. Figure 29 
shows a diffractogram from non-phosphatic silty mudstone from Rufous 
Creek Trench. In thin section these sediments are seen to be composed 
of a bimodal population of grains consisting of coarse to very fine 
sand-size quartz detrital grains and extremely rare phosphate allochems 
disseminated within a muddy siltstone (Plate 11c). The coarser grains 
are rounded to well-rounded and relatively poorly sorted, The silt 
grains consist of much more angular detrital quartz, mica flakes and 
rare heavy minerals (identified as tourmaline). In general, this 
fraction shows better sorting but poorer rounding than the coarser 
fraction. The mudstone matrix is likely to be composed mainly of 
kaolinite and illite, 
Within the grain framework of the coarse grainstone and 
packstone phosphorites, minimal quantities of disseminated detrital 
terrigenous grains occur. These make up less than 1% of total grains 
and consist of sub-angular to sub-rounded detrital quartz grains of the 
same or smaller size than associated collophane grains. Fine-grained 
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detrital material (quartz,· clays and micas) forms part of the matrix of 
packstone, wackestone and mudstone phosphorites. 
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CHAPTER V 
DETAILED STUDY Of THE VERTICAL SUCCESSION 
OF THE SOUTHERN TRENCHES 
5. 1 Introduction 
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To facilitate the interpretation of the vertical and lateral 
trench successions, the data obtained from petrological, mineralogical 
and chemical analyses were • used as the basis for defining twenty 
"sedimentation uni ts" into which the composite sections have been 
divided. Each sedimentation unit ideally corresponds to a thickness of 
the sequence with a particular association of textural features and 
sedimentary structures, and is distinct from overlying and underlying 
units. Each unit may correspond to a single field unit, or to more 
than one where the field units have essentially the same petrological 
characteristics .. In defining the units, emphasis was placed on primary 
sedimentary characteristics and, as far as possible, both diagenetic 
and secondary features were ignored. 
The concept of the sedimentation unit is derived from Otto 
( 1938), who defined it as "that thickness of sediment which was 
deposited under essentially constant conditions". While many of the 
units .established in this work comply with this definition, others 
clearly imply variations in the conditions of deposition. In 
particular, this applies to chertified, immature coquinas thinly 
interbedded with mature grainstone or packstone phosphorites and thinly 
laminated phosphori tes consisting of alternating finer and coarser 
sediments; likewise, units consisting of or containing upward fining 
sequences imply a variation in physical conditions not strictly 
included in Otto's definition. 
135 
Despite the difficulties involved in imposing such broad 
subdivisions on a sedim~ntary succession characterised by abundant and 
often transitional vertical and lateral variations and severely 
affected by diagenetic and weathering processes, the utilisation of 
sedimentation units as defined in this study assists the understanding 
of the successive changes which took place in the environment of 
deposition. 
5.2 Classification and description of sedimentation units 
The principal characteristics of the twenty sedimentation units 
defined and used to describe the trench sections are tabulated in 
Table VI and are shown on the left-hand side of Figures 19 to 24. The 
units correspond to three major groups according to the dominant 
lithological type to which they belong (phosphorite, chert and 
siliciclastic). Figures 19 to 24 show that the majority of units occur 
in more than one trench and many occur more than once in the same 
trench, but, as is to be expected, slight variations may occur in such 
units due to the many factors involved in their definition. In 
general, although field observations enabled the recognition of units, 
they are less precisely defined in the northern trenches than in the 
southern ones due to the relative lack of detailed petrographic data. 
Chert units (D,E, and G) were selected in spite of the attempt to avoid 
diagenetic features because it is clear that, in general, silica has 
selectively replaced an original sediment with distinctive 
characteristics and probably reflects changes in the physico-chemical 
conditions of the environment. They are subdivided according to 
allochem type. 
Ten of the units (A, C, F, H, I, J, K, L, Mand P) correspond 
to phosphorites. They have been subdivided initially according to 
their grainsize and Dunham classification and secondarily on the basis 
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of the geometry and nature of grains and sedimentary structures 
(Table VII). The coarsest phosphorite sedimentation units, units C and 
P, correspond to coarse- to medium- grained grainstones with well 
developed sorting and rounding. In unit C 78% of grains have been 
identified as being of skeletal origin. It is restricted to Rufous 
Creek Trench where it overlies the main chert unit, unit D. Unit P 
forms thick sections in the tops of Trenches E4 and E6 in the northern 
area where low angle, medium scale cross-bedding is observed. Unit A, 
a coarse to medium grainstone grading to packstone, is the most common 
of the phosphorite units, occurring in all trenches and frequently as 
multiple horizons. Like units C and P, unit A contains a high 
proportion of recognisable skeletal allochems (over 64%). 
The coarse-to medium-grained packstone unit H occurs in all 
trenches except E2 and is differentiated from unit A only on the basis 
of the consistent presence of mudstone phosphorite matrix. Unit F, 
also a medium- to coarse-grained packstone but containing a high 
proportion of silicified trilobite fragments among its otherwise 
rounded allochems (of which 60% are of skeletal origin), occurs below 
the main chert unit (unit D) of Trench E1. The medium to fine 
packstone unit K occurs at the top of Rufous Creek Trench. It is 
considerably affected by compactional features superimposed on a 
parallel bedding depositional fabric. Anastomosing laminae of densely 
packed collophane grains alternate with laminae of more loosely packed 
fabric. 
The fine packstone units J and I are important components of 
all trenches except E6 and are particularly important in Trenches E3 
and E4. Unit J, found in the central and upper parts of Trenches E2 
and Rufous Creek is, like the coarser varieties, composed of well 
sorted and rounded allochems, but here only 33% could be positively 
identified as angular and rounded bioclasts, and over 50% are ovules of 
TABLE VII: Phosphorite sedimentation units 
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uncertain origin. This urrit also contains a relatively high proportion 
of rounded intraclasts (up to 10%) and detrital quartz grains (up to 
3%) and in addition includes micro-graded laminae, small-scale, low 
angle cross-bedding and penecontemporaneous brecciation, as described 
in Section 3.5. Unit I occurs mainly in the northern trenches and 
differs from unit J in its finer grain size and its higher proportion 
of angular skeletal fragments, al though its proportion of total 
bioclast grains (16%) remains low compared to the proportion of ovules 
(82%). The wackestone phosphorite unit Land the mudstone phosphorite 
unit M are pres~nt to only a limited extent in the southern trenches, 
where they occur as thin, lenticular beds at the top of the phosphorite 
sections. In the northern trenches, however, they are widespread. 
Three siliciclastic sedimentation units (8, Q and R) were 
defined on the basis of grain size. These units occur both within the 
phosphorite sequence and as part of the overlying chert-terrigenous 
sequence. The units within the phosphorites are friable mudstone 
(unit B), and friable sandy siltstone (unit Q). Unit Q is the most 
common and, unlike the other uni ts which are essentially 
non-phosphatic, may be phosphatic and is thus transitional to low-grade 
fine phosphorite (units L or M). Unit T, consisting of interbedded 
highly siliceous siltstone and chert with distinctive undulating and 
lenticular bed forms, is dominant in the overlying chert-terrigenous 
sequence except for the lowest O. 5 to 1 m where friable lithologies 
(units Q and R) are present. Locally, units S (a siliceous sandstone), 
Q and R, occur interbedded with unit T. Two units (0 and N) are 
phosphatic chert breccias, at least one of which appears to be of 
intra-formational origin. Unit 0 corresponds to the breccia associated 
with the trough structure described in Section 3.5(c). 
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5.3 Tentative correlation between the southern trenches 
Figure 30 shows a tentative correlation between the 
representative sections of the three southern trenches which are all 
orientated approximately east-west and equally spaced over 630 m. The 
abrupt and irregular contact between the phosphorites and the overlying 
sequence is sufficiently clearly defined to be used in correlation. In 
addition, a major chert phosphorite sequence (unit D) occurs in the 
lower part of each trench, thus serving as a chert marker bed. It 
consists of thinly interbedded coarse coquinitic chert layers and 
coarse phosphorites and is well defined as a discrete unit in Trenches 
E1 and Rufous Creek, although in Trench E2 it is marked by a diffuse 
zone of chert nodules. In very general terms, the chert contained by 
the phosphorite section decreases from Trench E1 in the south to 
Trench E2 in the north. Terrigenous uni ts form minor components in the 
phosphorite sequence in each trench, always as lenticular beds, and 
these cannot be correlated between trenches. The correlation suggests 
a general fining from north (E2) to south (E-1). For example, the 
mudstone phosphorite (unit M) at the top of Trench E2 grades southwards 
into a medium-to fine-grained packstone phosphorite (unit K) in Rufous 
Creek and to coarse grainstone phosphorite (unit A) in Trench E1. 
Similarly, the fine packstone (unit J) in Trench E2 laterally grades to 
a coarse packstone (unit H) or into unit A in the other two trenches. 
This simple pattern is complicated, however, by the uppermost chert 
zone in Trench E2 (Units D and E) which contains coarse-grained 
allochems and does not easily correlate with the other trenches. 
5.4 Relationship between sedimentary units and phosphate grades 
Terrigenous and chert sedimentation units (S, R, T, Q and B) 
have P2o5 contents of less than 5% and are therefore of no economic 
significance. Ind iv id ual chert beds usually contain less than 1 % P 2o5 , 
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but in the case of phosphatic chert-breccias (units N and 0) and chert 
beds interbedded with phosphorites (units D and E), P2o5 values 
increase with increasing proportions of phosphorites. The average, 
however, rarely reaches 15% P2o5, the lower limit used in this study in 
defining phosphorites. At the level of individual phosphorite 
sedimentation units three factors can be seen as largely controlling 
P2o5 values: 
- an. original sedimentary factor (phosphorite versus terrigenous 
material); 
- a diagenetic factor (the degree of replacement of phosphorite by 
silica); 
- processes related to weathering, which have probably affected all 
units and whose importance is very difficult to assess, though 
factors such as removal of calcite matrix would upgrade the 
phosphorite whereas introduction of clay or iron oxides would 
downgrade the deposit. 
In the coarse grainstone and packstone units (C, P, A, F and H) 
and the medium-to fine-grained packstones (units J and K), terrigenous 
material is not the main diluent since only very minor quantities of 
detrital grains have beP.n observed. Rather, the principal controlling 
factor appears to be the replacement of grains and matrix by silica, 
and an inverse relationship is found to exist between P2o5 content and 
silica content. This inverse relationship is clearly exhibited by the 
columns for apatite and silica in Figures 19 to 24. 
Chert interbedded within phosphorites, as discussed in 
Section 4.4, appears to be the result of early diagenetic processes in 
which silica replacement took place preferentially in beds of coarse, 
angular bioclast fragments (fossil hash or coquina of unit D) and in 
very coarse pelletal grainstone phosphorite (unit E). A different type 
of silicification took place as a result of late diagenetic and/or 
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weathering processes in which silica was remobilized through the 
sedimentary. sequence and produced irregular zones of partial 
replacement. This latter type of silicification is the main factor 
producing dilution of P2o5 content in the phosphorite sedimentation 
units. Its generally non-stratiform and irregular distribution has 
resulted in greatly varying P2o5 values in apparently similar 
sediments. 
Samples with the highest P2o5 values (over 30% 
correspond to phosphorites with both low terrigenous content and 
minimal replacement by silica. For example, the coarse skeletal 
grainstones of units C and P appear to have consistently high P2o5 
values. Unit C is composed of thin beds of grainstone alternating with 
laminae of densely packed collophane grains. Analysis by X-ray 
diffraction, P2o5 chemical analyses and petrological observations of 
samples RC-A4 and RC-013 of unit C indicate that the grainstones are 
composed of 80% apatite grains with only a very minor detrital 
component and that the rock has undergone very little replacement by 
silica. The laminae of densely packed grains themselves are composed of 
almost pure cellophane. These two units have restricted distribution 
and are not typical of all grainstones. Other units commonly show 
extreme variations in phosphate content (Figure 30). In unit A, for 
example, the P2o5 content varies from 23.9% to 35.5%; .in unit J, from 
24.83 to 34.83. These variations are attributed principally to 
variations in silica content. The most extreme case of this is found in 
the coarse packstone of unit F where its low P2o5 content (17.4%) is 
due to the presence of abundant, partly silicified lenses of trilobite 
fragments. 
It should be noted that in the case of the fine -grained 
packstones (uni ts J and K) a terrigenous component in their matrix, 
although of minor importance, plays a role in diluting phosphate 
content. 
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As discussed in Section 4.3, in finer-grained phosphorites 
(units L and M) P2o5 values vary principally according to the 
percentage of diluent material present in the ~atrix (silt size 
detrital grains and clays). 
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CHAPTER VI 
HOLOCENE SEDIMENTARY MODELS 
6.1 Introduction 
In the following chapters an environmental interpretation of 
the area is attempted. To facilitate this interpretation, two aspects 
are initially considered separately: a) sedimentological aspects 
related to processes operating during deposition of the facies, 
and b) phosphogenic aspects related specifically to the formation of a 
phosphate ore body. 
To address the first aspect and to better understand the 
relationship between physiography, pro~ess and resultant facies, a 
search for Holocene sedimentary models relevant to the study area was 
undertaken. Thus, after a brief discussion of the theoretical basis of 
model development, the major part of this chapter is devoted to the 
description of two typical modern carbonate depositional systems. In 
the following chapter, the applicability of these models to the study 
area is assessed and a sedimentary model for the Lady Annie deposit is 
proposed. 
of d~positional models 
Beginning with Johannes Walther in 1894 (see Middleton, 1978) 
the importance of facies and through them the concept of environmental 
recognition and interpretation has been developed by such authors as 
Visher (1965), Selley (1970), Middleton (1978) and Walker (1979). The 
last author provides a useful recent summary of previous work in this 
field. 
.. ·:·· 146 
The theoretical basis of sedimentary model development is that 
sediments throughout geological time have been deposited in a finite 
(although individually distinct and sometimes overlapping) number of 
sedimentary environments characterised by certain physical, chemical 
and biochemical conditions and that each environment woduces a 
specific and characteristic vertical and horizontal pattern of facies 
variations. These environments can be recognised and documented for 
use as models or standards for the interpretation of sedimentary 
successions which at present are incompletely understood. On the basis 
that "the present is the key to the past", modern sedimentary 
environments have been extensively studied and classified in order to 
facilitate the interpretation of their ancient counterparts. In 
addition, ancient environments, once recognised and interpreted, can 
serve to provide further input into an increasingly comprehensive, 
although not yet altogether systematic, "library of 
models". 
sedimentary 
Facies, which constitute the basic rock units by which 
· sedimenta.ry environments are 
differentiated on the basis of 
recognised, can 
their internal 
be defined and 
characteristics 
(geometry, lithology, sedimentary structures, palaeocurrent pattern, 
fossil content and geochemistry) and their external relationships with 
other facies (Selley, 1970; Walker, 1979). 
From a consideration of the work of the above authors a 
sequence of steps resulting in the interpretation of sedimentary 
environments can be developed. This is illustrated schematically in 
T8ble VIII. The general sequence outlined in this figure was followed 
in this study with the major qualification that, although Holocene 
models are applicable to the sedimentological features of the study 
area, no Holocene models of phosphorite accumulations closely similar 
to ancient sedimentary phosphate deposits, such as those observed in 
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the Georgina Basin, are khown at present (Bentor, 1979; Sheldon, 
1 981 ) • This has led Sheldon ( 1981) to doubt "whether, in the case of 
phosphorites, the present is the key to the past, or whether the 
present negligible accumulation of slightly phosphatic sand is atypical 
of past times when large amounts of phosphorite were deposited." 
Geometry 
Lithology ~ 
Sedimentary~ 
structures ""'- ,~~~~~~~ 
I 
Palaeocurrent~: Facies 
pattern : recognition 
I 
Petrography __...,.... 1 
Mineralogy ~ 
Fossils ~ 
I I 
I I 
Similar I I Interpretation I 
~ Holocene ~of the unknown: 
I I process model I I sedimentary I 
environment 
TABLE VIII: Method of environmental diagnosis 
(amended from Selley, 1970, and Wilson, 1975) 
The study area consists of a small part of a large phosphate 
deposit which in turn belongs to a major phosphogenic province in which 
several deposits have broad stratigraphic, lithological, mineralogical 
and chemical characteristics in common. Most workers in the Georgina 
Basin have concluded that phosphorites were deposited in shallow marine 
nearshore environments associated with carbonate sediments on a marine 
epeiric shelf, either adjacent to or on topographic highs, in 
environments ranging through lagoonal, estuarine, littoral and 
intertidal (de Keyser, 1969a; Thomson and Russell, 1971; de Keyser 
and Cook, 1972; Howard, 1972; Cook, 1973 and 1976; Fleming, 1977; 
Howard and Hough, 1979; Cook and Sher gold, 1979) • Russell and 
Trueman (1971) concluded that the Duchess deposit occurred within a 
shallow embayment controlled by basement structures active during 
sedimentation. Howard and Cooney (1976) and later Howard and Hough 
1979) suggest that the D Tree deposit occurred partly in a 
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"narrow tapeting lagoonal trough with its southern end opened onto a 
shallow open marine shelr'. Howard and Perrino (1976) suggest that the 
phosphorite at Wonarah formed in a "low energy environment close to the 
shoreline, possibly insular". From the discussion of the preceding 
chapters it is clear that the phosphorites and associated sediments of 
the Lady Annie area were deposited in shallow marine conditions; ample 
evidence is given by the shallow marine benthonic faunal assemblage and 
sedimentary structures in all facies. The transitional relationships· 
observed between phosphorites and very shallow water near-shore facies, 
in particular the oncolite facies, and the typical carbonate-
phosphorite-chert-siliciclastic association indicate that sedimentation 
took place in relatively shallow waters in a near-shore situation, 
close to basement areas and not completely cut off from hinterland 
influence. In this context the sedimentary evidence found in the study 
area is compatible with the similar environment of deposition for the 
Lady Annie deposit proposed by de Keyser (1969b) and Rogers and Keevers 
(1976). Thus, in the search for Holocene models possibly applicable to 
the study area, two of the three main groups into which sedimentary 
environments can be classified (Selley, 1976) - continental (including 
fluviatile, eolian and lacustrine environments) and open marine 
(including reef, bathyal and abyssal environments) - could be omitted 
immediately and attention focussed on the .third group, shoreline 
environments (such as beach, barrier, bar, tidal flat, lagoon and 
estuarine environments). 
Considering that a) both the phosphorite and skeletal facies 
are composed mainly of original carbonate skeletal fragments, b) that 
other grains have a morphology similar to carbonate grains (ovules, 
intraclasts, nucleated pellets and oolites) and therefore may well have 
had a carbonate precursor, c) that oncolites are normally associated 
with carbonate environments, and d) that terrigenous elastic components 
are associated with the phosphorites, the search for Holocene models 
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was narrowed to environments of dominant carbonate sedimentation in 
which terrigenous sedimentation was locally ifllp?rtant. 
After an extensive review of the literature it was concluded 
that two typical modern carbonate depositional systems, the area of· 
Shark Bay, Western Australia, and the Trucial Coast of the Persian 
Gulf, which are characterised by several co-existing environments, may 
provide an insight into the processes observed at Lady Annie. This 
discussio~ will bA li~ited to these areas. 
6. 3 Sed im_entary environments of eastern '3',rnrk Bay, Western Australia 
Shark Bay in Western Australia is one of the most intensively 
studied areas of modern carbonate sedimentation. It is located on the 
western margin of a continent, a regional situation similar to those 
where Holocene phosphatic sediments have been described elsewhere; for 
instance: 
- in the Chile-Peru Trench (Burnett, 1977) 
- off the Baja California coast (d'Anglejan, 1967) 
- off north-west Africa (Summerhayes et al., 1972) 
- off south-west Africa (Bremner and Willis, 1975; Fuller, 1979). 
However, no phosphorites have been recorded from Shark Bay, and 
the area is of interest principally from a sedimentological point of 
view. The environment of Shark Bay as a whole has been described by 
Logan and Cehulski (1970) and specific depositional environments in the 
eastern p~rt of the bay were studied by Davies (1970 a,b), Hagan and 
Logan ( 1975) and Woods and Brown ( 1975). The following summary is 
derived from these sources. 
Shark Bay is an elongate shallow marine embayment of carbonate 
and minor siliciclastic sedimentation. It covers an area of 13,000 
sq. km between latitudes 24°30 1 and 26°45' S (Figure 31), has an 
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Flg.31: Bathymetric map of Shark Bay (modified from 
Logan and Cebulskl, 1970) 
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elongate NNW-trending form·, and is separated from the Indian Ocean by a 
series of partly emerged eolinite barrier sand bars. The embayment 
resulted from the flooding of an area of low relief composed of 
horizontal Pleistocene and Cretaceous marine sediments and Pleistocene · 
dunes. One dune forms Peron Peninsula and divides the southern part of 
the embayment into two gulfs. These gulfs are themselves subdivided 
into several basin~ and channels by spits and shoals. Average water 
depth is lO m and depth generally increases seawards to a maximum of 
37 m in the main passages to the ocean. In section, the eastern gulf 
(Hopeless Reach) is asymmetrical with main carbonate and siliciclastic 
sedimentation extending as a bank outwards from the eastern shore; the 
western margin is steeper and narrower. 
Climate is semi-arid, its precipitation of 20-23 cm falling 
usually in the winter months. Average maximum and minimum temperatures 
0 0 
are 29 C and 15 C respectively. Winds from the south predominate. 
Summer cyclones (with an average incidence of one every six years) 
bring rain and unusually strong winds, Two ephemeral streams drain into 
the eastern gulf and, through their respective deltas, contribute 
relatively small amounts of siliciclastic sediment. Salinity decreases 
southwards, with oceanic influence decreasing from normal (35-40 ppt) 
in the northern areas to metahaline (50-56 ppt) in the southern areas. 
Hypersaline conditions are found in the southern basins (Hamelin Pool, 
Glad stone Basin, Lharidon Basin) due to the restricted circulation 
caused by the Faure Sill, and salinity reaches over 300 ppt on 
supratidal flats in these areas. Tidal range decreases from north (1 -
2 m) to south (0.5 - 1 m), and tidal currents dominate water movement 
with currents averaging 9 to 45 cm/sec in open areas and over 60 cm/sec 
in channels. Wave action is relatively minor except in sublittoral 
areas of exposed shores and during cyclonic periods. Longshore drift is 
to the north . 
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Waters are oxygen-saturated and there is sufficient nutrition 
for an abundant and diverse fauna in areas of low salinity. In view of 
the low levels of nitrogen and P2o5 in oceanic waters (0.1 - 1.0 ppm 
P2o5 ) and the small contribution of rivers, nutrient sources are 
probably dependent on the rich plant life which consists mainly of sea 
grasses (Logan and Cebulski, 1970). Biota are largely of subtropical 
affinity and include coraline algae, molluscs, foraminifera, echinoids, 
serpulids, bryozoa, gastropods and sponges. Intertidal areas south of 
about 25°15' are characterised by algal mats of diverse forms, while 
mangroves dominate north of this. 
The sedimentology of eastern Shark Bay (Table IX) can best be 
studied following the three main environments identified by Logan and 
Cebulski (1970): 
- embayment plains 
- sublittoral platforms 
- intertidal and supratidal tidal flats 
These are flat, featureless plains varying in water depth 
between 37 m ahd 8 m. Laterally the plains are transitional to the 
sublittoral platform. In the oceanic and metahaline embayment plains 
(from Geographe Passage to Faure Sill), fauna is composed mainly of 
sparse but diverse benthos, primarily foraminifera, pelecypods, and 
irregular echinoderms. Sea grass is present only as scattered stands 
in marginal areas. Tidal currents up to 45 cm/sec dominate sedimentary 
processes and wave action is of little importance except in storm 
periods. Sediment is derived mainly from indigenous skeletal fauna 
and, in minor amounts, from tidal channels and deltas draining into the 
plain. Sediment type is variable, but dominated by coarse- to medium-
grained skeletal grainstone sands, In more restricted areas, fine-
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SALINITY 
URANIE STRAIT 
AND HOPELESS REACH 
(Logan and Cebulski, 1970; 
Davies, 1970a) 
Increasing southwards from 
normal to metahaline in open 
water and from normal to 
hypersaline in intertidal and 
supratidal areas. 
HAMELIN POOL {INCLUDING 
NI LEM AH AND HUTCHINSON EMBA YMENTS) 
(Logan and Cebulski, 1970; 
Woods and Brown, 1975; 
Hagan and Logan, 1975) 
Hypersaline throughout. 
I 
I 
~S-t_o_r_m~b-e_a_c_h~-r-i_d_g_e_s~o-f~-fr~a-g_u_m~c-o_q_u_1~.n~a-s-:·' 
Northern normal to metahaline 
areas: mangrove swamps 
SUPRATIDAL: transitional to intertidal 
thin planar to large-scale 
cross-bedding. 
Supratidal flats with blister, tufted 
and film algal mats, gypsum crystals, 
intraformational breccias and 
deflation features. 
ZONE areas. 
INTERTIDAL 
ZONE 
SHALLOW 
SUBTIDAL 
ZONE: 
' Southern hypersaline areas 
Intertidal flats: smooth and pustular 
algal mats trap and bind sediments. 
Laminoid fenestral fabrics, pelletal 
and intraclastic grainstones and pack-
stones; dessication features; reducing 
Wave action is dominant. 
Moderate! y mature, medium to 
coarse quartz-skeletal grain-
stones grading seaward to 
subtidal sediment types. :~onditions just below sediment surface. 
, Nucleated ooid and skeletal- Tidal ponds: colloform algal mats trap 
ooid grainstones towards Faure: sediments. Stratiform sheets of 
Sill. Linear sand ribbons, pelletal wackestones with cryptalgal 
bioturbation. 
Wave, tidal current and storm 
action important; tidal action: 
, common. Platforri formed by 
"Woomeral Seagrass Bank" 
built up by the trapping of 
sediment by seagrass: Sediment: 
type reflects density of 
laminae. 
Wave action negligible, flora absent. 
Fragum coquinas, microcoquinas, 
skeletal and ooid grainstones, 
intraformational breccias; intraclasts 
derived from intertidal areas. 
SUBLITTORAL: 
seagrass: Skeletal-(quartz) 
wackestones and packstones in 
areas of seagrass; skeletal-, 
Usually poorly bedded, minor planar 
and cross-bedding. PLATFORMS 
DEEP 
SUBTIDAL 
ZONE: 
EMBA YMENT 
PLAINS 
TIDAL 
CHANNELS 
AND 
LEVEES 
quartz packstones in seagrass-: 
free areas. Ripple marks and l 
cross-bedding; strong bioturb-: 
at ion common. 
Flat,featureless plains: tidall 
currents dominate; 
sparse flora; 
diverse but sparse fauna, 
including echinoderms. 
Coarse to medium skeletal 
Early diagenetic Caco3 cementation. 
Tidal currents weak; 
sparse and restricted fauna, 
flora absent. 
grainstones and packstones; Unburrowed silty coarse to medium 
silty fine sands in restricted: microcoquinas. 
areas. Redding type unrecorded. 
Bedding type not recorded but 
bioturbation important. 
Many sediment types, including 
both intertidal and subtidal 
types, result from important 
role of channels in the 
redistribution of sediments. 
Sedi~ent types similar to those of 
sublittoral platform. 
Table IX: Sedimentary environments, Shark Bay. 
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grained packstones form. · Bedding type has not been recorded but 
extensive burrowing is characteristic. 
In hypersaline embayment plains 
Lharidon Basin) water depth varies 
exceeds 56 ppt. As a result, fauna 
(parts of Hamelin Pool and 
between 8 and 10 m and salinity 
is sparse and of restricted 
.variety. Sea grass is absent, but green algae are widespread. Due to 
restriction from the main embayment tidal action is weak and limited 
fetch reduces wave action. Sediments are unburrowed silty coarse-to 
medium-grained microcoquinas. 
Sublittoral platforms 
Sublittoral platforms border most shorelines and are widest (up 
to 8 km) on shores of south and south-west (windward) aspect. In 
section the platforms are wedge-shaped, sloping gently seawards but 
with a relatively steep slope onto the embayment plain. 
generally grade into tidal and supratidal flats. 
Landwards they 
Frequent tidal 
channels are oriented sub-perpendicular to the shore. Energy 
conditions are generally high due to both wave and tidal action. 
Faunal assemblage and sediment type vary considerably with morphology, 
salinity and, particularly, with the presence or absence of seagrass. 
Dense seagrass meadows are characteristic · of normal and metahal ine 
sublittoral zones and are best developed on the "Wooramel Seagrass 
Bank" which, according to Davies ( 1970a), has been built up largely as 
the result of seagrass forming a baffle to create a low energy 
sub-environment in which sediments are trapped and stabilised. Here 
coraline algae and foraminifers are the dominant fauna and generally 
burrowed skeletal packstones and wackestones with minor detrital quartz 
are the principal sediment types. In seagrass-free areas of normal 
metahaline zones (tidal channels and some areas of the platform at 
Faure Sill and Western Hopeless Reach) a mollusc-foram community 
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dominates and quartz grains are important, generally forming more than 
25% of total grains. Winnowing is effective and sediments are 
characteristically medium to coarse, moderately to poorly sorted, 
sub-rounded skeletal quartz grainstones in which ripple marks and cross 
bedding are commonly preserved. In hypersaline sublittoral platforms 
(Hamelin Pool and adjacent embayments) coquinas, microcoquinas, 
skeletal and ooid grainstones with planar bedding are characteristic, 
and these sediments are commonly lithified (Hagan and Logan, 1975; 
Woods and Brown, 1975) • 
Tidal and supratidal flat environments 
These form the shoreward extension of sublittoral platforms 
particularly in the eastern and southern parts of the embayment. 
Salinity varies from normal marine in northern intertidal zones to 
hyper saline in supratidal flats. Fauna is transitional from 
sublittoral assemblages in low intertidal zones to sparse assemblages 
of low diversity in low intertidal zones; seagrass is present only in 
low intertidal zones, and to the north mangroves are present. The 
dominant characteristic of intertidal and supratidal areas are algal 
mats. Mat types vary with degree of inundation from smooth mats in low 
intertidal areas, tufted mats in mid and upper intertidal, to blister 
and film mats in supratidal zones (Davies, 1970b; Hagan' and Logan, 
1975; Woods and Brown, 1975) . The dominant sedimentary processes 
include the .alternation of exposure and inundation and the consequent 
disruption of dessicated sediments, the formation of halite and gypsum 
in iupratidal zones and the trapping and binding of sediments by algal 
mats. Intertidal beach environments are locally important and are 
formed by the shoreward transport of material from the sublittoral 
platform. In northern areas the influence of tidal currents, longshore 
drift and sil ic iclastic de tr ital material are important and linear sand 
ribbons form. Sediment types are characterised by laminated skeletal 
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pelletal or intraclast grainstone and packstone with algal fenestral 
fabrics in intertidal zones. Evaporitic minerals and intraformational 
or pebble conglomerate are observed in the supratidal zone. Beach 
ridges are composed of coquinas and have both thin planar bedding and 
large-scale cross-bedding. 
6.4 Carbonate sedimentation in the Trucial Coast Embayment, 
Persian Gulf 
The Persian Gulf epeiric sea (Figure 32) is an asymmetrical 
basin covering 226,000 sq. km. Its sedimentary environments have been 
extensively described in Purser (1973). This basin has an average water 
depth of 35 m. Maximum depths (50 - 100 m) are along the north-west 
margin and the sea becomes gradually shallower towards its south and 
south-east shore. The climate is arid subtropical with summer 
temperatures commonly of 50°c; fluvial influx is small, but strong 
winds frequently blow quartz dtrne sand into the north-west part of the 
south-east coast. Sea floor morphology exerts both regional and local 
control over sedimentation. Faunal assemblage is controlled principally 
by variations in salinity, '"at0r temperature and light. Echinoderms and 
sponges are widespread in all depth ranges from subtidal to intertidal; 
red algae oncoids are present only on offshore shoals; and only one 
species of brachiopod, an infaunal lingula, has been identified (Hughes 
Clarke and Keij, 1973) which testifies to above normal salinities 
(usually hetween 40-50 ppt in areas of carbonate sedimentation). Tidal 
range is 0.5 - 1.5 m and tidal currents affect even the de~pest part of 
the basin (Purser and Seibold, 1973) and, according to these authors, 
wave and surface currents are almost certainly the most important 
mechanism of sediment transport along the shallow margins. 
The Lady Annie-Lady Jane area has several broad similarities 
with the Trucial coast. These include: 
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Fig.32: Map of Truclal Coast embayment showing morphology and 
major sedimentary areas described in TableX 
(after Purser and Evans, 1973) 
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similarity of regional· setting on the margins of broad epeiric 
seas, and in similar latiturles; 
favourable conditions for the prolific development of organisms; 
- similar control of the facies pattern by basin topography; 
sedimentary processes which give rise to similar types and 
morphology of grains (bioclast, ovules, rounded intraclasts and 
oolites, although the oolites are rare and the rounding and sorting 
of grains is slightly greater in the study area); 
- sedimentary processes and morphology which have much in common with 
siliciclastic environments. 
The Trucial Coast extends about 600 km between the base of the 
Qatar Peninsula and the north end of Masandam Peninsula (Figure 32). 
It is an important area of carbonate sedimentation with several 
co-existing environments. According to Purser and Evans (1973), who 
have made a detailed study of this area, the factors controlling the 
sedimentation are a) the presence of the Qatar Peninsula, which 
forms a protective high against the effects of the NNW "Shamal" winds, 
b) the presence of an offshore barrier (the Great Pearl Bank barrier) 
and c) the situation of the shoreline with respect to the main wind 
direction and these two topographic features. Very little terrigenous 
sediment is supplied to these areas. Table X summarises the different 
profiles of the Trucial Coast. 
The extreme west of the coast is characterised by several 
highly protected wide embayments where maximum water depth is 5 m. 
Their shores arP flanked by wide intertidal flats and narrow beaches 
backed by sabkhas (Column 1, Table X). 
Immediately to the east, in the area of Sabkha Matti, the 
environment consists of a more open and exposed embayment. Here the 
coastline is fringed by a high storm beach composed essentially of 
mollusc shell sand and gravel. The extremities of this sand beach 
ENVIRONMENT 
UPPER 
SUPRA-TIDAL 
LOWER 
SUPRA-TIDAL 
BARRIER 
UPPER 
INTER-TIDAL 
MIDDLE 
INTER-TIDAL 
LOWER 
INTER-TIDAL 
(1) Protected 
embayments, 
extreme west 
region, 
Khor Duwahine 
(2) Ex posed 
anbayment and 
storm beaches, 
Sabkha Matti 
' ' I 0 
Purser and Evans: Purser and Evans: 
( 197 3 ) ( 1 973) 
Sabkha 
Skeletal 
gastropod 
sand beaches 
Sab kha 
Storm beaches 
l composed of 
lskeletal, ooliticl 
or red algal 
debris derived 
from adjacent 
environments. 
l Low angle 
linclined bedding.: 
(3) ' 
' Great Pearl Banki 
Barrier, : 
Trucial Coast. l 
' I 
Purser and Evans: 
(1973) 
In general, 
molluscan sand, 
locally pellet 
and compound 
grain sand. 
Algal mats 
and 
evaporites. 
( 4) Prograd ing 
barrier island, 
tidal-delta-
lagoon complex, 
Abu Dhabi. . I 
Purser and Evans: 
(1973). 
Evans et al., 
( 1973) : 
Schneider (1975)l 
Coastal desert l 
with quartz sand I 
dunes. I 
Intermediate andl 
upper sab kha: 
anhydrite 
nodules, gypsum 
and other 
ev apori tes. 
Beach ridges 
with . I 
igastropod shells.: 
Skeletal sand 
shoals, l 
(5) Area of 
long shore 
transport, 
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north-east I 
Qatar Peninsula.: 
Shinn ( 1973) 
Sabkha 
Laminated muds, 
birdseye vugs. 
Algal mats. 
not present not present 
Jcoral-algal sand,l 
oolitic sand. 
Skeletal sand l 
and oolitic sandi 
derived from 
tidal deltas 
Active spits 
composed of 
cross-bedded 
coarse 
skeletal sand, 
clean 
A wide carbonate 
mud flat, with 
algal mats. 
Skeletal, 
pelletal 
carbonate sand 
composed of 
ovoid pellets, 
bioclasts and 
small ooid s. 
Ripples. 
Skeletal sands, 
planar large-
medium scale 
cross-bedding. 
Mainly 
skeletal sand. 
Intense ripples. 
Fringing reefs. and driven onto 
Intertidal muds l the barrier l 
in I by onshore waves.: and 
well-sorted. protected areas • : 
Intertidal 
carbonate mud 
and 
pellet sand. 
Algal mats 
and 
associated 
dolomite 
and gypsum. 
Ripples. 
Carbonate mud, 
algal mat, 
gypsum, 
celestite, 
dolomite, 
calcite. 
Pelleted 
carbonate mud, 
iron-stained 
roots, 
burrows and 
birdseye vugs. 
Sedimentary 
Algal mat and lamination 
lime burrowed destroyed 
by crabs l as a result of 
and gastropods. l intensive 
l burrowing. 
Skeletal sands. ~ 
' ' 
-------- -------- -~----- -------: Pelletal skeletal:--------
SUBTIDAL 
LAGOON AL 
OR 
TIDAL CHANNEL 
SUBTIDAL 
NEARSHORE 
SHELF 
Subtid al 
embayment, 
bur rowed 
carbonate mud. 
Subtid al 
embayment, 
muddy carbonate, 
skeletal sand. 
Ripples 
and bur rows. 
carbonate sand 
Carbonate mud. and 
Skeletal sand carbonate muds 
swept distributed 
into the lagoon l according to 
,from the barrier. l the restriction 
of the lagoon. 
Grey speckled 
skeletal sands 
with ' I 
Muddy 
lamellibranch 
sand and mud. minor amounts ofi 
Bur rows. carbonate silt 
and clays. 
TABLE X: Sedimentary environments, Trucial Coast 
Subtidal 
channels 
and lagoon 
contain 
pelleted mud 
and 
winnowed sand • 
contain a different sediment association: at the west end oolitic sand 
replaces the coquinas and at the east end red algal debris dominates. 
Purser and Evans (1973) point out that these lateral facies changes are 
related to the nature of the adjacent offshore environments and do not 
reflect the beach environment itself. The storm beaches of Sabkha 
Matti embayment are presently prograding seaward, forming a sheet over 
finer intertidal to subtidal sands (Column 2, Table X). 
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From Jebel Dhanna to Ras Ghanada, the environment is strongly 
influenced by the Great Pearl Bank Barrier wh.ich approaches the 
shoreline and progressively emerges and widens to the east. The 
barrier has a core of a strike-ridge of Pleistocene limestone onto and 
around which recent sediments have accreted. Shorewards of this 
feature, a complex barrier-lagoon system (the Khor al Bazm Lagoon) is 
developed. At its western end (near Jebel Dhanna), the barrier is 
submerged and therefore the environment is less restricted; here 
lamellibranch sands on the barrier grade both shoreward and seaward 
into muddy sands and muds. As the barrier shallows eastwards, it forms 
skeletal sand shoals which emerge at low tide and, further east to Abu 
Abyad Island, skeletal sand shoals and small limestone islands are 
permanently exposed. On the seaward sides of these islands coral algal 
reefs develop, detritus from which is swept across the barrier and 
accumulates as beaches along the barrier's inner edge. When the 
islands offer sufficient protection, intertidal muds and pellet sands 
with algal mats and associated dolomite and gypsum occur on the lagoon 
side (Column 3, Table X). 
East of Abu Abyad Island, where the Great Pearl Bank Barrier is 
closest to the shore and shallowest, the coast consists of a complex of 
islands and peninsulas. The sediments in this area are driven 
shorewards to accrete around islands of Pleistocene limestone and along 
the mainland shoreline, and where these join (forming tombolas) they 
divide the lagoon into several independent lagoons. Concurrently with 
the growth of landward tails there is also a lateral spit accretion 
parallel to the axis of the emergent islands (Figure 33). This 
barrier-island tidal-delta lagoonal system is best developed north-east 
of Abu Dhabi and has been described in detail by Evans et al. (1973) 
(Column 4, Table X). It consists of: 
a) an off-shore shelf with grey speckled skeletal and pelletal sands 
and minor amounts of carbonate silt and clays and detrital quartz 
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Flg.33:1nterpreted evolution of coastal barrier and lagoonal systems. Abu Dhabi 
(after Purser and Evans, 1973) 
grains; 
b) barriers formed of skeletal sand and oolitic sand derived from 
tidal deltas and driven onto the barrier islands by onshore waves; 
fringing coral bioherms are localised on the seaward side of the 
barrier; coquinas form on the berm or toe of the beach face; 
c) tidal deltas and channels between the barrier islands in which 
sediments' grade landwards from oolitic sands in the delta to 
oolitic sands and muddy skeletal sand in the channels and from 
these into lagoonal sediments; 
d) lagoonal complexes with pelletal-skeletal carbonate sands and 
carbonate muds distributed according to the energy and salinity 
conditions determined by the res tr ic ti on of the lagoons. These are 
generally bordered by intertidal algal mats; 
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e) coastal plains, intertidal flats and s~bkhas in which sediment type 
is determined by the high protection afforded by the barrier. 
Pelletal and compound grain carbonate sands, skeletal sand beach 
ridges and algal mats are present in the nearshore areas. 
Dolomitic muds, gypsum and anhydrite characterise the sabkhas, 
which are best developed landwards; 
f) coastal desert with quartzose dune sands. 
On the Trucial Coast between Ras Ghanada and Ma sand am 
Peninsula, the coast faces obliquely into the NNW winds and associated 
waves and currents. With the exception of spits at Ras al Khaimah, 
which protect a coastal lagoon, the coast is almost directly exposed to 
the deeper sea water influence and corresponds to an area of maximum 
water agitation and longshore transport. The sediments along the coast 
consist mainly of storm beaches and coastal dunes composed of skeletal 
carbonate sands. 
The sedimentation of the Trucial Coast contrasts with that 
occurring in the north-east shoreline of the Qatar Peninsula. Here 
concurrent longshore transport of recent coarse carbonate from the 
north plays a major role in the sediment pattern. Shinn (1973) 
describes a long, narrow embayment cut into Tertiary rocks in which a 
present-day lagoonal-tidal flat system develop. Longshore transport 
creates a series of seaward prograding beaches parallel to the coast 
with hook-shaped spits superimposed. Behind these beaches quiet 
conditions prevail and mud flats with a complicated tidal channel 
system have developed. Subtidal sands accumulate as lag deposits in 
the channels and around the active spits; the sands of the spits are 
cross-bedded, clean and well-sorted and composed of coarse bioclast 
debris (Column 5, Table X). 
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CHAPTER VII 
LADY ANNIE DEPOSITIONAL MODEL 
7.1 Introduction 
The environmental interpretation of the phosphorites and 
associated sediments is the main concern of this chapter. With this 
aim, the facies recognised in the study area are compared with the 
sedimentary models described in the previous chapter and elsewhere in 
the literature. From this inductive approach it appears that there is 
sufficient stratigraphic evidence to permit the construction of a 
sedimentary model which can explain the observed facies variations. 
7.2 Palaeogeography 
The Western Zone has an asymmetric east-west profile which is 
probably the result of its development as a half-graben formed by 
downward movement of the present eastern side of the Western Fault. 
The thickest Middle Cambrian sequences are found adjacent to the fault 
while, eastwards, these sediments wedge out against basement areas. 
Here the coastline was largely influenced by the flooding of a 
topography strongly controlled by northerly-trending strike ridges of 
Proterozoic sediments. 
Within the study area, several lines of evidence suggest that 
the present outcrop limits of sediments more or less define the maximum 
extent of the Middle Cambrian sea during the deposition of 
phosphorites. The horizontal to gently dipping disposition of the 
sediments, together with the association of shallow marine facies (the 
skeletal, oncolite and carbonate facies) and the locally developed 
concentric zonation of these facies around eastern basement areas 
(Figure 6) indicate that here the Middle Cambrian shoreline was close 
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to the present limit of outcrop. The small outliers of Middle Cambrian 
sedimerits within Proterozoic rocks to the east of the main outlier 
suggest, however, that the sea ~xtended slightly further east in these 
areas, SinGe the phosphorite facies wedges out and interfingers with 
the skeletal and oncolite facies to the east, and since all these 
facies are conformably overlain by the chert-terrigenous facies, the 
phosphorite facies itself appears to have a present distribution 
approximately coincident with its original extent. 
The dominant positive features within the Lady Annie area~ the 
series of north-trending inliers which make up "Trueman's Bank" and 
form the north-eastern limit of the Western Zone, are thus interpreted 
on the basis of fringing shallow water facies to have been shoal areas 
and possibly even to have partially emerged as basement islands during 
the Middle Cambrian. The northernmost inliers of "Trueman's Bank" 
however lack fringing facies and are interpreted to have been upfaulted 
in post-Cambrian time, probably along re-activated north-trending 
basement faults (Figure 6). 
The western boundary of the Lady Annie-Lady Jane outlier 
presents a more complex problem. At present it is defined by a 
basement ridge which is in faulted contact along the Western Fault with 
Middle Cambrian sediments and which separ~tes the sediments of the 
outlier from the main part of the Georgina Basin and from the adjacent 
D Tree phosphate deposit, It appears likely that the basement rocks in 
this area formed an area of partial emergent topographic highs during 
the Middle Cambrian. Rogers and Keevers (1976) consider that the 
Western Fault has had a long history of movement and probably played an 
important role in the formation of the area; they describe a submarine 
talus breccia along the Western Fault zone and suggest that it 
developed in a cliffed-shore environment along the fault escarpment, 
Cook and Armstrong (1972), in a study of the distribution of clay 
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minerals in the Beetle Creek Formation, suggest that the distribution 
of kaolinite and illite implies an important source of ba~ement-derived 
clays and therefore the existence of an emerged area to the west of the 
outlier. On the other hand, Howard (1972) mentions the presence of 
small, high grade outliers of phosphorite between Lady Annie and D Tree 
deposits, indicating that this area was at least locally submerged. 
Drilling has demonstrated that there is an apparent 
relationship between accumulation of phosphorites and palaeobathymetry 
within the outlier as a whole. According to Figure 34 (from Rogers and 
Keevers, 1976) the major phosphorite accumulations are associated with 
structural lows, pre fixed with the letter "L". In the Western Zone, 
partly covered by the study area, major development of phosphorites is 
in a north-north-west trending low (L4) parallel to the Western Fault 
and it is here that the maximum thickness (46.5 m) is recorded. The 
sequence is dominated by pelletal phosphorites and thins towards the 
east, where it inter fingers with the shallow water facies association 
developed on the marginal basement areas. Three lows (L1, L2 and L3) 
occur north and east to "Trueman's Bank" (H 1) and converge towards the 
central part of Lady Jane deposit; here pelletal phosphorites are 
subordinate to finer-grained varieties. The carbonate facies is 
indicated by drilling to be best developed in the Eastern Zone and 
along the eastern margin of the Western Zone (Rogers and Keevers, 
197 6) • 
In summary, the regional and tectonic setting of the study area 
is interpreted to be essentially that of a shallow, southerly plunging 
depression at the margin of the Georgina Basin epeiric sea, possibly 
flanked on the seaward side (the present west and southwest) by 
semi-emergent shoals and ridges related in large part to the Western 
Fault block and regional strike of basement rocks (Figure 35). The 
shoals and ridges protected an asymmetrical embayment developed in the 
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depression from the direct influence of open marine swell and wave 
action. 
It is clear that the Precambrian topography exercised a 
fundamental control over the character and thickness of the sediments 
within this embayment, with pelletal phosphorites accumulating 
principally in the deeper water seaward parts and shallower carbonate 
and algal sediments forming on a narrow shelf flanking basement areas. 
This interpretation is in broad agreement with that proposed for the 
area by Rogers and Keevers (1976). 
Such a regional setting has similarities with the central 
portion of the Trucial Coast and to a lesser degree with normal marine 
and metahaline areas of eastern Shark Bay. 
a) In the case of the central part of the Trucial Coast, the major 
pre-Holocene feature of the coastline was a shallow, 
westerly-plunging regional depression now occupied by the Khor al 
Bazm lagoon (Purser and Evans, 1973). This depression was flanked 
by a Pleistocene limestone rock ridge which also plunged to the 
west. The limestone strike-ridges and the depression appear to be 
related to the regional structural strike of the Pleistocene 
sediments. By analogy, the Lady Annie area may have been 
equivalent to the Khor al Bazm lagoon, flanked on the seaward side 
(the present west) by semi-emergent basement shoals of the Western 
Fault Block. 
b) In the case of eastern Shark Bay (Davies, 1970; Logan and 
Cebulski, 1970) an elongate embayment form is determined largely by 
Pleistocene longitudinal dunes rather than strike ridges and has a 
narrow entrance protected by shoals at its northern end. In 
east-west section the embayment is asymmetric, with deeper subtidal 
areas (the embayment plains) forming along the western and central 
zones and being separated from a shallower, prograding shelf on the 
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eastern margins by a steep slope. This morphology is similar to 
that inferred for the Western Zone of Lady Annie al though on a much 
larger scale (the relevant parts of Shark Bay cover an area of 
7,500 sq. km. and the Western Zone about 50 sq. km.) 
7.3 Significance of the ealaeocurrent data 
Currents operating in the modern shallow marine environment 
have been classified into three main types: semi-permanent currents, 
tidal currents and meteorological currents (wave- and storm 
wave-induced currents) (Swift et al., 1971). In the area of study, 
transported skeletal fragments generally display in their preferred 
orientation an unequal bimodal distribution, consistently indicating a 
relatively stronger southerly-flowing current and a relatively weaker 
northerly-flowing current, both oriented parallel to the inferred 
palaeoshoreline. This bi-modal pattern is similar to that produced by 
alternating ebb and flow tidal currents in tide-dominated environments 
(Selley, 1976; Klein, 1977) and is similar to the pattern developed in 
Shark Bay (Logan and Cebulski, 1970). The stronger southerly-flowing 
current may either represent the generally more powerful flow tidal 
direction or may reflect the direction of wave- and swell-induced 
longshore currents. It would, however, be premature to make a definite 
interpretation of current regime and type based on the small number of 
sample stations used in this study. Nevertheless, the consistency of 
current pattern indicated in both the carbonate facies and in the 
overlying phosphorite and chert-terrigenous facies suggests that the 
current regime did not alter significantly during the course of Middle 
Cambrian sedimentation. 
" ' 
7.4 Comparison of the Lady· Annie area with the Trucial Coast 
and Shark Bay 
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The essential climatic, oceanographic and morphological factors 
determining Holocene sedimentation in the central ~rtion of the 
Trucial Coast and e~stern Shark Bay may be applied to the Lady Annie 
area. Table XI summarises the main environmental characteristics of 
these two areas and of that infe~red for the Western Zone of Lady 
Annie. In addition, Table XII compares the facies identified in the 
area of study with possibly analogous facies in the sedimentary models 
proposed. These comparisons are of most use for the phosphorite and 
a~sociated oncolite and skeletal facies and also for the laminate chert 
facies and carbonate facies; however, no modern facies equivalent to 
the basal sandstone-conglomerate facies and to the dominantly 
siliciclastic facies (chert-terrigenous facies and the siltstone facies 
of the Inca Formation) are recognised. 
7.5 Interpretation of the carbonate and'associated facies 
The basal conglomerate-sandstone facies, the undifferentiated 
carbonate facies and the laminate chert facies, represent the oldest 
sediments of an early Middle Cambrian marine transgression-regression 
which rapidly invaded the entire Georginp Basin (Henderson and 
Southgate, 1978; Shergold and Druce, 1980). Figure 36 shows the 
likely sedimentary profile at the time of their deposition. The basal 
conglomerate sandstone facies ex~sed in the easternmost part of the 
study area has characteristics of high energy, probably braided, 
fluviatile deposits of limited transport. This is indicated by 
imbricate structure of angular, polymict, basement-derived clasts, 
medium-scale planar cross-bedding and a unipolar current pattern 
(Conybeare and Crook, 1968; Selley, 1970, 1976). These features are 
also consistent with coastal alluvial fans. Modern examples of 
REGIONAL 
SETTING 
LOCAL 
SETTING 
LATITUDE, 
CLIMATE, 
: HINTERLAND 
WINDS 
MAXIMUM 
WATER DEPTH 
TIDAL RANGE 
SALINITY 
CURRENTS 
MAJOR 
PROCESSES 
TRUCIAL COAST 
(Khor al Bazm Lagoon) 
Southern margin 
of epeiric sea. 
Elongate, shallow 
depression flanked on 
its long seaward side 
by basement shoals and 
islands. 
EASTERN SHARK BAY 
(Hopeless reach -
Uranie Strait) 
Eastern margin (west 
coast) of major ocean. 
Elongate, asymmetric 
embayment flanked on 
its windward side by 
a shallow platform; 
protected, narrow 
entrance to ocean. 
Between 23° and 26°N or S, arid to semi-arid, 
hinterland of low relief, minor local 
terrigenous sedimentation. 
Landward, oblique to 
embayment axis. 
40 m at western end; 
shallows to east. 
Seaward, sub-parallel 
to embayment axis. 
Periodic cyclones. 
30 m at seaward end; 
shallows to south. 
Microtidal (less than 2 m) 
Metahaline, increasing 
with restriction; 
hypersaline in 
supratidal areas. 
Longshore and wave 
currents > tidal 
currents. 
Barriers composed of 
skeletal, pelletal or 
oolitic sands. 
Accretion of coarser 
carbonate sediments 
around basement highs; 
tombolas formed 
in final stages. 
Lagoons filled 
with fine to coarse 
allocht.onous to 
autochtonous sediments 
according to energy 
conditions. 
Intertidal areas with 
storm beaches and/or 
algal mats according 
to energy conditions. 
Normal to metahaline, 
: increasing with 
:restriction; hypersaline 
in supratidal areas. 
Tidal currents > 
wave longshore currents 
except in intertidal 
areas. 
Coarse and fine 
carbonate and minor 
siliciclastic sediments 
form shallow sub-tidal 
bank which progrades 
into embayment plain. ' 
Plain filling 
principally(?) with 
indigenous skeletal 
matter in high-energy 
environment. Intertidal 
to supratidal areas 
contain coquinitic 
beaches and/or algal 
mats according to 
energy conditions. 
WESTERN ZONE, 
LADY ANNIE 
Margin of epeiric sea. 
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Elongate, asymmetric 
embayment flanked on long 
seaward side(?) by 
basement ridges, shoals 
and islands, and on 
landward side 
by shallow platforms. 
Similar conditions 
inferred, but periodic 
terrigenous 
sedimentation. 
(?) 
Similar water depth, 
shallows to the eastern 
margin. 
Similar conditions 
inferred. 
Normal, increasing 
with restriction in 
intertidal and 
supratidal areas. 
Tidal and longshore : 
currents > wave currents.: 
Analogous to Trucial 
Coast. Accretion of 
coarse sediments 
around se~ward basement 
highs(?). Deeper 
subtidal plains fill 
with autochtonous and 
allochtonous sediment 
derived from these areas 
and fine siliciclastics. 
Intertidal 
nearshore platform 
formed of coquinitic 
beaches and/ or 
oncolites, depending on 
energy conditions. 
TABLE XI: Comparison between Trucial Coast, Shark Bay and Lady Annie 
sedimentary environments 
I 
.1 
LADY ANNIE 
Skeletal facies 
I 
Phosphorite 
facies 
\ 
I Skeletal-
ov uli tic 
grainstone 
and 
packs tone 
Fine-
TRUCIAL COAST 
High energy 
storm beaches. 
Sub-tidal to intertidal 1 
sand bodies such as those 
described in the more 
open parts of the lagoons 
1 or restricted embayments 
- particularly in the 
southern part of the 
Great Pearl Bank Barrier 
- or in protected 
embayments at the extreme 
west. 
grained 
packs tone : 
to mud stone, l 
pho sphatic 
siltstones 
Areas of lower energy; 
intertidal zone and the 1 
more restricted parts 
of the lagoons. 
Oncolite facies 
associated with 
carbonate mud 
Laminate facies 
locally including 
pseudomorphs 
Carbonate facies 
I 
1 · 
Very shallow subtidal 
to intertidal zone. 
Intertidal and supra-
tidal areas. Intimately 
associated with algal 
mat. 
Areas of relatively low 
energy conditions, in 
restricted embayments, 
lagoons or intertidal 
areas. 
EASTERN 
SHARK BAY 
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Beach coquinas l 
swept into inter-I 
tidal areas from 
the sublittoral 
platform 
by wave action. 
Carbonate sands 
of the embayment 
plains. 
No clear 
equivalent. 
I. 
I 
Intertidal and l 
sublittoral algall 
comm uni ties 
associated with 
carbonate mud on ' 
the carbonate 
platform. 
Intertidal and 
supratidal zones 
associated with 
algal mat. 
No clear equiv-
alent. Possible 
wackestones in 
sea-grass domin-
ated areas in 
Woomeral sea-
grass banks(?) 
TABLE XII: Possible facies equivalence between Lady Annie, 
the Trucial Coast and Shark Bay. 
alluvial 
173 
fans are typified by the predominance of horizontally 
stratified, clast-supported coarse gravel 
proximal reaches. Distally there is 
commonly imbricate in 
an increase in planar 
cross-stratification with a rapid decrease in grain size (Rust, 1979). 
These conditions . grade both laterally to the west and vertically into 
paralic conditions and finally into marine conditions, the gradation 
being indicated by the appearance of a progressively more dominant 
carbonate (dolomite) matrix associated with a fining of clast size and 
decreasing terrigenous material, and it appears likely that marine 
The close association and conditions were imposed gradually. 
transitional relationships of the carbonate facies with the basal 
conglomerate-sandstone facies suggests near-shore situation for the 
former, and the palaeoshore-parallel bipolar current pattern implies 
probable tidal action (Selley, 1976). The carbonate facies has 
characteristics of marine very shallow water deposition under moderate 
to low energy conditions. This is suggested by the presence of 
shallow, normal marine fauna, medium-scale planar cross-bedding and, 
locally, an organic framework of biohermal origin (Rogers and Keevers, 
1976). Emergence features are represented only by possible mudcracks 
at the top of the facies immediately underlying the laminate facies. 
The presence of normal marine fauna (trilobites, siliceous 
sponges, gastropods and brachiopods) suggests that marine conditions 
during the formation of the carbonate facies were apparently normal, 
but not favourable for a great· diversity or abundance of fauna. This 
is taken to indicate that the environment was semi-restricted and that 
.circulation and nutrition supply may have been limited. The presence 
of thickly bedded recrystallised dolostone with some striking 
stromatolitic horizons in an equivalent unit at adjacent areas of the 
Georgina Basin (Henderson and Southgate, 1978) is taken as evidence of 
very shallow conditions for these sediments and suggests the 
possibility that supratidal conditions were developed later. 
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The coarsely recrystallised dolomite fabric observed generally 
precludes the recognition of the original sediment type and also may 
have destroyed many sedimentary structures indicative of the 
environment, such as bioturbation. The abundance of ghosts of 
siliceous sponge spicule in nodular cherts of this facies is evidence 
for a biogenic source for this silica and suggests that silicification 
may have been restricted to lithologically favourable beds. Spicular 
chert has been described as an indigenous source of silica by Meyers 
(1977) for chert in the Lake Valley Formation, New Mexico. 
The thin laminate chert facies locally overlying the carbonate 
facies contains evidence of hypersalinity in the form of abundant 
pseudomorphs after halite in its easternmost outcrops a short distance 
outside the study area, as does a similar but thicker unit overlying 
the carbonate sequence in the Ardmore area (Henderson· and Southgate, 
1978). In the study area itself the facies is represented by laminate, 
vuggy cherts containing structures similar to pseudomorphs after 
framboidal pyrite frequently intercalated with thin dolomite beds 
(M. Muir, pers. comm., 1980). Occurrences of framboidal pyrite have 
been reported to be a common accessory of micro-laminated dolomicrite 
in sabkha cycles of the Michigan Basin (Gill, 1977) where they are 
associated with abundant organic matter of algal origin and the 
prevalence of reducing conditions. The origin of the chert beds is in 
dispute since, although suggestive of algal phenomena, no definitive 
evidence of algal origin, such as filaments, is observed and an 
alternative origin fur the vuggy structure such as selective 
dissolution of carbonate has been proposed (P. Southgate, pers. comm., 
1980). The absence of algal filaments is not considered unusual, 
however, as they are also absent from nearby silicified oncolites of 
definite algal origin and an algal source for the organic matter of the 
framboids and for the thin laminations is considered the most 
reasonable explanation. If this interpretation is 0.orrect, the 
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presence of cryptalgalamites similar to those forming in algal mats of 
modern carbonate tidal flats (Wilson, 1975; Ginsburg, 1975), including 
those of intertidal and supratidal zones in eastern Shark Bay and the 
Trucial Coast, Persian Gulf is indicated. Even if this interpretation 
is wrong, the total absence of skeletal fauna indicates that conditions 
were not suitable for normal marine life, and on the basis of both 
local and regional correlations the facies is taken as representing the 
culmination of a regressive phase of a transgressive-regressive cycle 
in which high intertidal to supratidal conditions prevailed. This 
transgressive-regressive phase has been described by Shergold and Druce 
(1980) as having occurred throughout the eastern margin of the Georgina 
Basin. 
Evidence of a prolonged emergent phase following deposition of 
the laminate facies is not conclusive. The possibility of karst 
development on the carbonate facies (de Keyser and Cook, 1972; Rogers 
and Keevers, 1976) has been discussed earlier and data gathered in this 
study do not contribute significantly to answering the question. It is 
suggested that emergence was relatively short-lived, since no break in 
the faunal sequence is recorded, and it was probably local, since in 
places the laminate facies shows no clear evidence of emergence and 
very similar carbonate sedimentation took place contemporaneously with 
phosphate accumulation. 
7 .6 The oncolite and skeletal facies: shallow pl_atform facies 
The succeeding phase marks a sharp change in the environment 
characterised by the opening of the basin to more normal marine 
conditions which are represented by a sudden increase in faunal 
abundance and diversity and, significantly, by the start of major 
phosphate accumulation. Sediments of this phase are characterised by 
numerous micro-environments which co-existed perpendicular and parallel 
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to the shoreline (Figure 37). Facies distribution is a function of 
many variables, of which the most important are the morphology of the 
embayment, which exerted both a regional and local control over the 
pattern of sediment accumulation, the rate of influx of terrigenous 
detritus by rivers and streams, and the tidal current regime and the 
reworking of sediments by these currents. As a result of these 
factors, carbonate muds, oncolites, skeletal sand, siliciclastics and 
phosphorites were deposited as a mosaic of complex facies. As 
discussed above, both the sedimentary features observed and the 
geometry of the embayment suggest shallow water conditions but the 
definitive evidence for very shallow water depth is the intertonguing 
of phosphorites and associated sediments with now-silicified oncolites. 
Modern oncolites form by the lime-mud accretion of blue-green 
algae in areas in which currents are sufficiently strong to overturn 
the grains (thus producing their spherical form) but not strong enough 
to winnow the mud (Wilson, 1975). They appear to occur in warm waters 
of variable salinity and at very shallow depths (intertidal to shallow 
subtidal) . From the Persian Gulf only red algal oncoids have been 
described, occurring on subtidal offshore shoals (Hughes-Clarke and 
Keij, 1973). In Shark Bay, Western Australia (Logan et al., 1964), 
Florida, the Bahamas and Bermuda (Wilson, 1975; Gebelein, 1976) they 
occur on shelves, shoals, and around basement highs, in shallow lagoons 
and bays and in tidal channels and are frequently associated with 
skeletal and pelletal sands. They have also been found in South 
Australia (von der Barch et al., 1977), where they occur on a 
"regressive marginal flat of the Marion Lake associated with other 
finely laminated aragoni tic stromatol it es." Logan et al. ( 1 96 4 ) 
suggest that the oncolitic sediments of Shark Bay form in agitated 
'lower intertidal conditions, while Gebelein (1969), Buchanan et al. 
(1972) and Heckel (1972) believe that the maximum development occurs in 
very shallow subtidal conditions. In some areas their association with 
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other less tolerant ste~ohaline organisms has been used to indicate 
their occurrence in more or less normal marine salinity (Heckel, 1972). 
However in Marion Lake they are clearly associated with hypersaline 
conditions (von der Barch et al., 1977). 
Although oncolites are not commonly known to be associated with 
phosphorite sequences, Bushinski (1964) has described their occurrence 
in the Cambrian phosphori te deposits of Tzinsian, China and Cara tau, 
USSR, and Priam (1980) their occurrence in Cambrian phosphorites in the 
Montagne Noire, France. Very similar oncolites of the same age as 
those found in the study area have been described by Halley ( 1975) in 
limestone of the Carrara Formation, Southern Great Basin of the USA and 
on the basis of presence of oncolites, other laminoid fenestral fabrics 
and dessication features the formation is interpreted as having been 
deposited as a complex mosaic of subtidal, intertidal and supratidal 
facies. It appears therefore that the oncolites found at Lady Annie 
were deposited in shallow subtidal to intertidal conditions. 
The sub-vertical burrow found in sediments associated with the 
oncolites is of scolithus type, 8n ichnofossil characteristic of 
intertidal environments (Heckel, 1972; Selley, 1976). This type of 
burrow may also indicate the presence of scouring currents which 
required the 'animal to burrow for protection. during erosive phases 
(Selley, 1976). The presence of burrows of this type therefore 
confirms a very shallow water environment for the oncolite facies and 
suggests that this environment was intertidal rather than subtidal. 
Evidence for salinity conditions of the oncolite facies is 
inconclusive; while both burrows and the presence of well-preserved 
Helcionella (gastropoda) ,in the matrix and cores of the on~olites 
indicate that conditions permitted faunal activity, the fact that some 
species of gastropods are known to tolerate moderately hypersaline 
conditions ((Heckel, 1972) suggests that waters may well have been of 
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higher than normal salinity. 
The marked thinning of the Middle Cambrian sequence towards 
areas of present basement outcrop and the distribution of this very 
shallow water facies marginal to these areas is strong evidence that 
the present basement areas were basement highs during the Middle 
Cambrian, possibly partially emerged. On the other hand, the fact that 
it is possible to establish the environmental setting of the oncolite 
facies with a relatively high degree of confidence, enables the 
interpretation of surrounding lithofacies in some kind of logical 
environment~l framework. 
The skeletal facies has a much more extensive distribution 
along the eastern margin of the study area, and its faunal assemblage 
and variety suggest unrestricted marine conditions. Coarse angular, 
poorly sorted skeletal fragments, a grain supported fabric and the 
apparent lack of mudstone suggest effective winnowing and reworking 
under relatively high energy conditions. The coquinas are very similar 
to those found today in skeletal sand beaches where constant wave or 
current action accumulates large quantities of skeletal debris and 
where mud is removed by winnowing (Wilson, 1975). Thus skeletal beach 
sand or coquinas of the sub-littoral zones such as those developed at 
Shark Bay (Hagan and Logan, 1975; Wood.s and Brown, 1975) and in the 
Persian Gulf (Purser, 1973) are possible analogues (Table XII). The 
distribution of the skeletal facies fringing the basement areas is 
consistent with development in shallow waters near the shore. However 
the medium planar bedding observed and intercalation with dolomitised 
lime wackestone and packstones may argue against a beach environment. 
In Any case, both oncolites and skeletal sands are interpreted 
as having been deposited as thin beds on a semi-emergent shallow 
carbonate shelf marginal to basement areas. This shelf corresponds to 
the shallow platform marine environment mentioned by Rogers and Keevers 
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(1976). It is comparable to the sublittoral platform environment of 
Shark Bay. Here, windward shorelines are bordered by narrow, shallow 
subtidal to intertidal carbonate platforms on which wave action 
complements tidal action and longshore drift (Figure 31). The 
intertidal zone of the shelf contains both beach coquinas and algal 
mats and the shelf gives way to deeper water sedimentation offshore. 
Energy conditions in this shallow platform environment of the 
study area are interpreted as having been low to moderate with possibly 
intermittent storm-induced high energy periods indicated by the 
alternation of coarse silicified coquinas with dolomitic packstones and 
wackestones. No clear evidence has been found in this area which would 
unequivocally show supratidal deposits, as would be expected shorewards 
of such an environment. These thin shallow water carbonate shelf 
facies interfinger and grade laterally basinwards into phosphorites 
(Figure 38). The main phosphorite development in the study area 
appears to have taken place in areas separated from basement highs by 
the shelf facies and together with intimately related terrigenous and 
chert bed's form relatively thick deposits, reaching a maximum of 46 m 
in areas close to the Western Fault (Figure 34). 
7.7 The phosphorite facies 
Interpretation of sedimentary structures 
None of the sedimentary structures found in the phosphorites is 
by itself diagnostic of a particular depositional environment; on the 
contrary, similar structures have been described from a wide range of 
shallow marine environments. Therefore, the proper approach to the 
environmental, interpretation in this case is to infer the significance 
of each structure in terms of depositional mechanisms and to combine 
these inferences with the local stratigraphic evidence and regional 
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setting. Given the stratigraphic position of the phosphorites one 
would expect abundant signs of tidal influence. However tide-dominated 
subtidal to intertidal sand bodies described in the literature are 
generally characterised by well developed and abundant cross bedding 
in particular, herringbone cross-stratiflc~tion with a bimodal 
current pattern, flaser bedding, current ripples, reactivation 
surfaces, bioturbation, tidal channels and exposure features in the 
intertidal zone (Reineck, 1972; Heckel, 1972; Gebelein, 1976; 
Ginsburg, 1975; Wilson, 1975; Klein, 1977). To these can be added a 
feature extremely common in carbonate tidal systems: al gal mat and 
associated fenestral fabrics. With the exception of a bimodal current 
pattern (shown by oriented hyolithids) these features are poorly 
developed, if at all, in the phosphorites of the study area. It must 
be stressed, however, that most of these structures are related 
principally to mesa-and macro-tidal settings where tidal ranges are 
2 to 4 m and over 4 m respectively (Klein, 1977), and it seems likely 
that deposition in the study area took place in a dominantly 
micro-tidal setting (tidal range of less than 2 m), as is the case in 
both Shark B;::iy (Logan and Cebulski, 1970) and the Trucial Coast 
(Purser, 1973). Unfortunately, however, sub-tidal sedimentary 
structures in these areas have on the whole been little studied. 
The characteristic bedding type observed in phosphorites of the 
study area planar and wavy lenticular bedding with thin beds and 
laminae definect by slight variations in grainsize and, occasinnally, by 
mudstone laminae - is compatible with bedding observed in sub-tidal and 
inter-tidal zones of modern and ancient siliciclastic tidal systems 
(Ginsburg, 1975; Klein, 1977) and carbonate tidal systems (Wilson, 
1975; .James, 1979), and in particular to areas of bedload and 
alternating bed load and suspension transport. Thin laminations 
consisting of alternating coarser and finer sand-sized sediments and 
occasional micro-graded bedding are evidence of deposition in a setting 
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where current velocity varied; preservation of these laminae suggests 
an anoxic (?) setting where the absence of bioturbation prevented the 
destruction of laminae (Heckel, 1972). For siliciclastic tidal 
systems, Klein (1977) has described the alternation of coarse sand 
laminae and mudstone laminae produced by lower current regime as 
"current bedload transport with suspension settlement during slack 
water periods", and has attributed this to a mid-intertidal situation. 
Similar associations are observed in mid-intertidal fl,ats of lagoonal 
(back barrier) siliciclastic environments (Reinson, 1979) • 
Microstructures such as graded bedding in thin sand laminae have been 
described by Reineck (1972) in siliciclastic tidal deposits, and Wilson 
( 1975) points out that small-scale micro-graded pelletal sediments 
commonly occur on natural levees and higher areas of better drainage on 
intertidal carbonate flats. However, micrograded laminae may occur 
wherever sediments settle from suspension, and are not generally taken 
as evidence of any particular environment. In carbonate environments, 
James (1979) has described planar bedded, well sorted skeletal, 
pelletal and oolitic sands, which are frequently associated with 
oncolites, as being typical of shallow subtidal areas of back barrier 
lime sand shoals. He notes further that echinoderm fragments were 
characteristic of such environments in the Lower Palaeozoic. Wilson 
(1975) describes both flat, lens-shaped beds with shale partings and 
wavy bedding as typical of carbonate shelf deposits. 
Evidence for periodic emergence which would suggest an 
intertidal setting comes only from rare examples of intraformational 
brecciation. This feature has been widely attributed to early 
induration of sediments as a result of subaerial exposure and 
dessication - and subsequent break-up of the indurated crusts on later 
inundation (Pettijohn, 1957; Conybeare and Crook, 1968). For example, 
in the hypersaline environments of Hutchinson and Gladstone Embayments 
of Shark Bay (Hagan .and Logan, 1975; Woods and Brown, 1975), 
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dessication features are characteristic of intertidal and supratidal 
areas; here intraclasts derived from bre'cciation make up a large 
percentage of grains in intertidal grainstones and packstones and, 
although decreasing in abundance basinward, are frequently important in 
sublittoral sediments. On the Trucial Coast, intertidal lithification 
is a characteristic feature, and sedimentary breccias consisting of 
penecontemporaneously broken beach rock are common along the coast near 
Jebel Dhanna. Radke (1980), however, argues that induration of 
carbonate sed imen t;s may occur under shallow marine as well as sub aerial 
conditions and therefore that its presence alone cannot be taken as 
indisputable evidence for emergent conditions. 
Post-sedimentation and pre-lithification soft sediment 
deformation is one of the most common features observed in the 
phosphorite sequence. Slumping is co:mnonly associated with the 
instability of sediments on slopes and has been described on all scale·s 
"from the caving of a river bank to the collapse of a continental 
margin" (Selley, 1976). Its presence therefore can be taken to 
indicate the local presence of palaeo-slopes within the area of 
deposition. However Klein (1977) describes soft sediment deformation 
and differential compaction as a very common feature in siliciclastic 
tidal deposits and suggests that the former is "an early diagenetic 
feature developed in response to differential cohesiveness, 
differential water content and density contrasts of interbedded 
lithologies associated with different rates of sediment accumulation". 
In conclusion, the evaluation of sedimentary structurp~ and the 
pattern of facies relationships suggest that the phosphorites of the 
study area were deposited in shallow subtidal conditions in a 
microtidal setting. Possible intertidal conditions are suggested only 
by local penecontemporaneous brecciation at the top of the phosphorite 
section in the southern trenches. Water depths appear to have 
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increased westward from low intertidal to shallow subtidal conditions 
adjacent to a shallow carbonate shelf. 
Interpretation of grain types and textural fabrics 
Phosphorites in the study area consist mainly of 
skeletal-ovulitic grainstones and packstones containing abundant coarse-
to medium .. grained, rounded to well rounded phosphatised fragments of 
carbonate sponges, echinoderms, hyolithids and other unidentified 
groups. Locally, angular trilobite fragments are present. 
Structureless ovules are also important but intraclasts, nucleated 
grains and, rarely, oolites, form only a minor component. The 
abundance of skeletal fragments in the coarse phosphorites indicates a 
calcium carbonate precursor for most of the cellophane grains (see 
Chapter IV for a more detailed study) and implies that diagenetic 
replacement was a major process in apatite formation. The faunal 
assemblage resembles that identified in other Georgina Basin phosphate 
deposits, particularly in the important presence of echinoderm plates, 
which occur in almost all the lime-phosphate rocks at Duchess (Fleming, 
1977) and are recognised elsewhere. The diversity and abundance of 
marine fauna and especially the presence of stenohaline forms such as 
echinoderms and brachiopods (Heckel, 1972) indicate a provenance of 
normal marine conditions. 
Structureless pelletal grains (ovules), the other major 
component of the phosphorites, have a disputed origin (Sheldon,1981 ). 
Observing a transition from rounded bioclasts to ovules at the D Tree 
deposit, Howard and Hough (1979) have suggested that they are rounded 
bioclasts whose internal structures were obliterated by early 
diagenetic micritisation and whose angularities were abraded during 
transport. Since a similar transition was observed in the study area, 
the same explanation can be applied and is favoured for the majority of 
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ovules. A fecal origin for st1·uctureless micrite pellets has been 
suggested by Folk (1965), and Fleming (1977) identified micrite pellets 
partially replaced by cellophane at the Duchess deposit, although he 
was noncommittal about their possible fecal origin. Definite fecal 
pellets (coprolites), characterised by contorted shelly material, were 
recognised by Fleming (1977) at Duchess, but at Lady Annie such grains 
were not detected in the present study. Coprolites are the prihcipal 
component of large, low grade phosphorite deposits in the Tertiary 
Florida phosphorite system (Riggs, 1979), being identifiable by 
microscopic bacterial rods, dolomite rhombs, micro-fossil hash and fine 
siliciclastic material disseminated within a cryptocrystalline 
cellophane matrix. This suggests that coprolites generally have 
distinctive inclusions; since such inclusions were not detected in the 
ovules in the study area, they are unlikely to have a fecal origin. 
Ovules may also have originated as highly reworked intraclasts 
of mudstone phosphorite. Freas and Riggs (1968) and Riggs (1979) 
describe fine-grained sand sized intraclasts in the Florida deposits 
whose small size makes it hard to be certain that they are of 
intraclastic origin, unless their occasional terrigenous and 
allochemical inclusions are observed. In the study area, grains of 
definite intraformational origin are present, although never making up 
more than 10% of total grains. These are invariably well rounded, sand 
sized grains containing fine bioclast and pelletal allochem inclusions 
and were clearly derived from the erosion and reworking of previously 
semi-lithified sediments. Their rounded form and sand size indicate 
considerable transport and reworking and their distribution shows no 
consistent pattern which can be related to closeness to observed zones, 
as is observed in Florida (Riggs, 1979) and (for carbonate intraclasts) 
at Shark Bay, Western Australia (Hagan and Logan, 1975; 
Brown, 1975). 
Woods and 
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A fourth possible origin suggested for the structureless ovule.s 
is accretionary growth during constant depositional conditions in a 
similar way to oolites (Sheldon, 1980). The major problem with this 
option is the total lack of accretionary growth pattern in most 
ovuli tic grains. 
The mature sorting and rounding of the skeletal grains, and 
particularly the virtual absence of angular or entire fossils (with the 
exception of discrete beds of silicified coquinas) indicate that the 
sediments are primarily elastic accumulations formed as carbonate or 
phosphorite sand bodies. Although some degree of primary rounding and 
sorting may be due to the derivation of equidimensional, sand-sized 
skeletal fragments from plates of sponges and echinoderms, the 
importance of reworking undergone by the sediments is indicated by the 
fact that there is a great variety of different types of well sorted 
cellophane grains. In addition, quartz detrital grains (when present) 
are also well sorted. The abrasion, rounding and sorting of elongate 
fragments and the presence of well-rounded intraclasts of the same size 
all suggest that the grains have undergone considerable reworking and 
winnowing before settling into their final positions. 
Textural parameters therefore indicate that the environment had 
an efficient method of accumulating sand sized. grains, firstly by their 
transport and accumulation in favourable areas to form sand shoals and 
bars, and secondly by the winnowing of the fine-grained fraction and 
its removal to lower energy areas. It is inferred from sedimentary 
structures thRt tidal currents and to a lesser extent wave processes 
were the main agents influencing the sand bodies under several 
contrasting energy levels. Coquinas and coarser grainstones represent 
the highest energy conditions, when tidal currents may have been 
enhanced by storm-induced currents such as storm surge and winnowing of 
silt and mud fractions is highly effective. When normal tidal currents 
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and wave processes predominate in relatively low energy conditions the 
finer-grained packstones accumulate. Fines winnowed from the sand 
bodies were redeposited in relatively quiet waters where settlement 
from suspension was dominant. Such quiet conditions may have been 
achieved in deeper waters below wave base and on protected tidal flats 
where wave and tidal energy is dissipated over a wide platform. 
A marked faunal and textural contrast is apparent between the 
grainstone and packstone phosphorites on the one hand and the skeletal 
facies on the other, al though both are elastic sediments of normal 
marine provenance occurring in close proximity. The former are mature 
(well sorted and rounded grains) sediments consisting essentially of 
coarse, equidimensional grains and having a benthonic faunal assemblage 
dominated by echinoderms and calcisponges, and to a lesser extent 
hyolithids, trilobites and other unidentified fossil fragments. The 
latter is a very coarse immature sediment composed of thin, platy and 
angular skeletal fragments in which brachiopods, trilobites, molluscs 
and hyolithids dominate and calcisponges and echinoderms are 
significantly less evident, as are other ovulitic or intraclastic 
grains typical of the grainstone-packstone phosphorites. The contrasts 
suggest that the skeletal fragments and other grains of the two facies 
were derived from two different sources, although mixing of the two is 
represented by the silicified coquinas interbedded with phosphorites. 
While the skeletal fragments of the skeletal facies have clearly not 
been transported far from the habitat of the fauna, as indicated by 
their coarse size and angularity, the transport and reworking indicated 
by the phosphorite grains suggests that skeletal fragments may not be 
close to the original habitat of the fauna. In addition, the absence 
of bioturbation together with the virtual absence of entire specimens 
in the phosphorites, in spite of the high organic productivity 
indicated and the benthonic life style of the dominant faunal types, 
suggests that bottom conditions were not suitable for burrowing fauna 
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and that if benthonic· fau11a were present, current action was 
sufficiently strong and persistent to break up and abrade the 
indigenous fauna. Since bioturbation is an extremely common phenomenon 
in most nearshore carbonate environments including those at Shark Bay 
(Davies, 1970a; Logan and Cebulski, 1970) and the Trucial Coast 
(Purser and Evans, 1973), its absence in sediments of the study area is 
at first sight unexpected; however, bioturbation is not commonly 
recorded in association with phosphorites, due presumably to the anoxic 
bottom conditions required for the preservation of the abundant organic 
matter which is associated with phosphorites (see the discussion of 
phosphogenesis below) . 
In summary, the evidence for transport and reworking of the 
allochems of the packstone and grainstone phosphorites and the apparent 
absence of indigenous burrowing fauna (probably due to anoxic bottom 
conditions) suggest the possibility that the source of allochems, or at 
least the skeletal and intraclastic allochems, were derived from 
outside the area of study. 
The possibility that grains were derived from outside the 
embayment is compatible with the palaeogeographic setting of the Lady 
Annie area as a semi-protected shallow depression off a major epeiric 
sea. The embayment would have been a suitable area for the entrapment 
of elastic sediments, given a favourable current regime. Coarse 
detrital skeletal sand and finer fractions derived from offshore, 
possibly together with terrigenous sediments, may have been swept into 
the embayment by longshore and/or tidal currents and subsequently 
winnowed and deposited according to the prevailing energy conditions 
and morphology of the embayment. In the first stages of the evolution 
of sedimentation, sediments may have accreted around basement 
topographic highs in a similar manner to that found today in the 
central province of the Trucial Coast along and behind the Great Pearl 
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Bank Barrier (Purser and Evans, 1973). As discussed in the previous 
chapter, in this area allochtonous current-transported carbonate sands 
accreted around emergent and semi-emergent Pleistocene highs and along 
less protected near-shore areas, while finer-grained sediments were 
deposited in quieter conditions in back-barrier lagoons and along 
protected shorelines. 
An alternative hypothesis is that the skeletal fragments 
represent fauna indigenous to the embayment as observed in modern 
sediments of the embayment plain areas of Shark Bay (Davies, 1970; 
Logan and Cebulski, 1970). Here indigenous fauna (including 
echinoderms) form the main skeletal components in a subtidal, tidal 
current dominated situation and are adjacent to nearshore shelf areas 
of different faunal association. This situation is closely analogous 
to the situation in the Western Zone and, on the basis of these 
similarities, it is tempting to attribute an indigenous status to the 
skeletal fragments of the phosphorites. However, indigenous benthonic 
fauna would be expected to be associated with bioturbation and good 
preservation of the shells, and this clearly is not the case at Lady 
Annie. 
Mudstone phosphorites 
The origin of mudstone phosphorites has been the subject of 
controversy, much of which centres on the question of whether this 
lithology is a primary or a secondary feature. Partly as a result of 
this controversy, several terms have been used to describe essentially 
similar rock types consisting of clay-sized cellophane and rare 
phosphatised or siliciclastic allochems. These terms include: 
"argillaceous phosphorite" (Mabie and Hess, 1964) 
"microsphorite'' (Riggs and Freas, 1965; Riggs, 1967, 1979a,b) 
"cellophane mudstone" (Russell and Trueman, 1971) 
"phospholutite" (Cook, 1972; Slansky, 1979) 
"mudstone phosphorite" (Howard and Hough, 1979; this study) 
"apatite mudstone" (Sheldon, 1981) 
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The general term "non-pelletal phosphorite" has been used by Cook 
( 1972) for fine-grained phosphorites of several possible origins. 
Clearly a fine-grained phosphorite fabric may originate in 
several ways, of which the following have been the most widely 
discussed: 
- concentration by weathering (residual deposits, replacement 
of carbonate rocks, redeposition and neoformation of 
phosphate minerals, destruction of original textures) 
- late diagenetic replacement of carbonate rocks 
- early diagenetic replacement of original carbonate mud, and 
- direct precipitation by chemical or organic agents. 
Of these processes, only the last two would give rise to mudstone 
phosphorite in the sense used in this study. 
The term "phoscrete" has been introduced by Cook ( 1972) to 
describe often high-grade, fine-grained phosphorites produced by 
weathering. It ranges in thickness from thin coatings to moderately 
extensive patches. This may occur as concentrations formed by the 
solution and redeposition of phosphate in migrating groundwater systems 
or as residual deposits from the chemical weathering of phosphatic 
carbonate rocks in humid climates and the consequent residual 
concentration of the phosphate (Cathcart and Gulbranson, 1972; Cook, 
1976). As Cool< (1972) points out, "it is frequently difficult and 
sometimes impossible to distinguish between a weathered cellophane 
mudstone and a phoscrete". Severe weathering is also considered 
responsible for the ll) ~ destruction of original grain textures of 
pelletal phosphorites (Sheldon, 1981 ). It is clear from this study 
that weathering may destroy the original grain supported fabric of 
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grainstone and packs tone phosphol'i tes so that only ghosts of grains 
remain and with more intense weathering it is likely that the ghosts 
would themselves disappear. 
Secondary or late diagenetic replacement of carbonate rocks by 
phosphate has been proposed by several authors as a mechanism by which 
fine-grained phosphorites may form. Where such an origin is accepted, 
the term "replacement phosphate" is applied. At Lady Annie such 
replacement has been suggested to explain the development of an 
irregular surface locally developed on the carbonate facies in which 
the hollows are filled with a structureless, silt-sized phosphorite and 
phosphorite chert breccia (discussions during the IGCP Conference, 
1978), although a karst surface origin has also been suggested (de 
Keyser, 1969; de Keyser and Cook, 1972; Rogers and Keevers, 1976). 
During the IGCP Conference discussion also arose as to the possible 
replacement or weathering origin of fine-grained phosphorites in the 
Microsphori te Trench (outside the study area), which have previously 
been interpreted as primary sediments (de Keyser and Cook, 1972; 
Rogers and Keevers, 1976; Fleming, 1977). The general aspect of the 
phosphorites (a two metre section of very poorly bedded to 
structureless white earthy phosphorites in which irregular chert nodule 
bands occur) shows little evidence of primary features. Further, chert 
nodules in thin section are observed to contain abundant siliceous 
sponge spicules and rhombic ghosts (probably after dolomite), which are 
more characteristic of cherts of the underlying carbonate facies than 
of cherts within phosphorites of the study area. At D Tree, Howard and 
Hough (1979) were able to distinguish Cainozoic to Recent phoscretes 
from late diagenetically replaced carbonate rock on the basis of 
preserved microtextures and structures typical of unreplaced carbonates 
in the latter. 
Very early diagenetic replacement of carbonate muds 
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by 
phosphate has been considered a likely origin for mudstone phosphorites 
(Cook, 1972; Fleming, 1977; Howard and Hough, 1979). Fleming (1977) 
and Howard and Hough (1979) argue that if bottom waters are capable of 
replacing carbonate skeletal material then it is logical to assume that 
they could also replace carbonate muds in the same environment. Cook 
(1972) suggests that phosphate was carried in solution, either by 
surface or by ground water, into intertidal and supratidal zones where 
carbonate muds were being deposited, and Howard and Hough (1979) 
suggest that replacement is most likely to take place at the 
sediment-water interface as the carbonate mud was being deposited. 
An orthochemical origin, by the direct precipitation of 
phosphate in quiet energy conditions has been proposed by Riggs and 
Freas (1965) and Riggs (1979a,b) for the microsphorite of the Florida 
deposits, although whether precipitation took place as a result of 
chemical or biochemical (bacterial) processes is uncertain. Russell 
and Trueman (1971) suggest the same origin for collophane mudstone at 
Duchess, on the basis of its petrological similarity to the Florida 
microsphorite. 
In summary: Superficially similar fine - grained phosphorites 
may form by several processes. Petrographic and geochemical studies, 
and the establishment of precise field relationships, may be needed to 
settle the origin of a particular phosphorite. 
The mudstone and wackestone phosphorites described in this 
study form part of the trench sequences. In the field, the mudstone 
phosphorites are seen to be often well bedded and interbedded with 
grainstone and packstone phosphorites for which a sedimentary origin is 
not in doubt. Furthermore, a transition from fine packs tone through 
wackestone to mudstone is present; bedding contacts are planar or wavy 
and usually sharp. In thin section, the presence of well preserved 
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skeletal and ovuli tic grains within the mud stone matrix suggests that 
weathering has not destroyed an original grain-supported fabric. The 
dominance of large, angular skeletal fragments over rounded ones and 
the presence of silt sized detrital quartz grains within the mud 
supported fabric are consistent with deposition of a mudstone in a 
quiet environment. Given a sedimentary environment in which sediments 
ranging from coarse coquinas to fine packstones are present, it seems 
logical to assume that wackestones and mudstones also formed in 
appropriate areas. It is therefore suggested that they are composed of 
detrital silt to clay sized particles derived from the biological 
and/or mechanical attrition of coarser grains diluted with fine 
siliciclastic sediments, which once in the system are subject to 
similar processes. However it could not be determined from 
petrographic observations whether 
diagenetically altered carbonate 
this 
mud 
mud stone represents a 
or an original mudstone 
phosphorite. Nevertheless, many of mudstone phosphorites in the study 
area are of controversial origin, particularly the very poorly bedded 
and irregular zones in the northern trenches which appear to have been 
modified by severe weathering. 
Environmental significance of chertification 
Within the phosphorites, chert units show strong 
sedimentological and stratigraphic control, as shown by the fact that 
chertification has been selective, being generally restricted to thin 
beds of grain-supported fabric and particularly to beds of coquinitic 
material. Several lines of evidence suggest that silica replacement 
took place as an early diagenetic process: 
- the chert beds are often very thin and continuous with relatively 
sharp and planar upper and lower bedding contacts, and contain 
well preserved primary laminations. Such selective and non-
destructive replacement is best attributed to early diagenesis 
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(Fleming, 1974). 
- chertification took place before the compaction which affects 
adjacent phosphorites. A sharp contrast is observed between 
overpacked packstone and grainstone phosphorites, in which grain 
deformation and breakage are observed, and interbedded cherts, in 
which even thin, large fragments are intact and grain contacts 
are rare. The cherts are, however, affected by rare 
micro-stylolites, indicating compaction following silicification. 
- chert beds are often affected by pene-contemporaneous brecciation 
and slump structures, indicating that silica was present at the 
time of slumping (although probably as a gel rather than in its 
so lid form) • 
- thin, planar chert beds are characteristic of most Georgina Basin 
phosphorite deposits and those in the Duchess area have been 
interpreted as early diagenetic by Fleming (1974). 
While it is clear that silica replaced original sediments in 
the Lady Annie area, evidence on whether the replaced sediments were 
carbonate or whether an original carbonate mud was present is not 
conclusive. The presence of calcium carbonate inclusions in the 
coquinitic variety of chert is usually taken to indicate replacement of 
carbonate by silica during diagenesis (Blatt et al., 1972). On the 
basis of similar inclusions and observed transitions between chert and 
lime mud carbonates, Fleming (1974) attributes cherts of the Duchess 
area to early diagenetic replacement of carbonate mud. However, in the 
pelletal varieties of chert at Lady Annie, the only allochems which 
remain unreplaced or are partially replaced by silica are phosphatic; 
carbonate inclusions are rare. Thus, while some of the sediments may 
have been carbonate prior to silicification, others were more likely to 
have been phosphatic. 
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The origin of the·silica and the physico-chemical conditions 
giving rise to silicification are the .subject of some controversy and 
are not considered in detail in the present work. Berner (1971) and 
Blatt et al., (1972) discuss this matter at some length. The former 
suggests that chemical conditions favouring the simultaneous solution 
of calcite and precipitation of silica as chalcedony, micro- and 
mega-quartz, are: relatively low pH, low temperature, and saturation 
of the pore solution with silica. Cook ( 1970) emphasizes th;:it 
calcitization-phosphatization-silicification replacements occurred in 
response to pH fluctuations within the environment and that both 
calcite and fluorapatite replacement by silica occurs at low pH. 
Me~ers (1977) in an extensive discussion of the paragenesis of cherts 
of the Permo-Carboniferous Lake Valley Formation of New Mexico (whose 
fabrics, as described earlier, are very similar to those of the cherts 
of the study area) considers that original biogenic, amorphous opal as 
sponge spicules dissolved and recrystallised as early diagenetic 
microcrystalline cristobalite. This formed as microspherules within 
micropores and replacing lime mud and grains, and also as banded 
cristobalite in large inter- and intra-granular pores. The 
microspherules were subsequently recrystallised as microquartz, •'1hile 
banded cristobalite recrystallised as chalcedony, although in the case 
of both microquartz and chalcedony direct precipitation may also have 
occurred. As chertification continued, megaquartz precipitated as the 
last stage in the remaining pore spaces. On the basis of their very 
similar fabrics, and in spite of the apparent paucity of silica sponge 
spicules, a similar paragenesis is considered likely for the cherts of 
the phosphorite facies at Lady Annie. 
The most obvious source of silic).':J in the cherts at Lady Annie 
is siliceous sponge spicules, as is also the case for the cherts of the 
Lake Valley Formation. However, although these are common in the form 
of ghosts in the carbonate facies in the Eastern Zone, they are rarely 
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preserved in cherts of the. trenches. It is tempting to attribute a 
major role to these organisms in providing silica on their dissolution 
and it is indeed possible that they were completely destroyed in the 
process. 
An alternative source of indigenous silica is the detrital 
quartz of sand and silt, and clay minerals associated with the 
phosphorites, but solution of detrital quartz occurs only under unusual 
chemical conditions (very high pH). An environment in which such 
conditions may be attained has been demonstrated by Peterson and von 
der Borch (1965) in some South Australian ephemeral saline lakes and 
lagoons. Here photosynthesis by algae during wet seasons causes 
extremely alkaline waters (with pH value above 10) which dissolve 
detrital quartz and possibly clays, producing high silica 
concentrations. Increasing salinity and decreasing pH of the lakes 
during dry periods results in the precipitation of the dissolved silica 
as an amorphous gel containing cristobalite crystallites. It is also 
likely that transport of such silica-saturated solutions into areas of 
lower pH would also result in precipitation. Blatt et al. (1972) 
suggest that the occurrence of slump structures and intraformational 
brecciation of chert beds which 
contemporaneously with sedimentation (as 
took 
found 
place 
at Lady 
essentially 
Annie) is 
evidence for the direct precipitation of silica since "siliceous 
organisms cannot be li thified so rapidly". The cherts in the study 
area are, however, clearly replaced sediments and if direct 
precipitation of silica took place, it occurred under relatively high 
energy conditions, as indicated by the grain supported fabric of coarse 
to very coarse allochems. An alternative hypothesis is that silica 
derived from the dissolution of siliciclastic sediments elsewhere was 
introduced into the carbonate and/ or phosphatic sediments as 
interstitial solutions shortly after their deposition. Such 
interstitial solutions would have preferentially moved through the more 
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porous coarser-grained sediments. 
A further possible source of silica is the liberation of silica 
resulting from the alteration of montmorillonite to kaolinite 
(A.ltschuler et al., 1963; see Berner, 1971). This process is common 
in the weathering profile and is therefore likely to have contributed 
to the high degree of sil icification of li thologies ex posed at the 
surface anJ secondary silicification within the phosphorites, but the 
general associa~ion of cherts with clay-~ee grainstone and packstones 
argues against this conversion b-eing an important source of diagenetic 
silica. 
In summary, chertification shows strong sedimentological and 
st1·atigraphic control and appears to be an early diagenetic 
(pre-lithification and compaction) phenomenon. Although the silica 
paragenesis can be established with some confidence, there is no clear 
evidence fo1· the primary source of silica. The scarcity of preserved 
sponge spi.·~ules makes a biogenic source open to question for much of 
the silica. Direct inorganic precipitation of silica from sea water is 
most unlikely but precipitation from silica-saturated interstitial 
solutions is possible. The association of chert with coarse 
grain-supported fabrics suggests that selective replacement may be 
related to a high primary porosity, but it is.not immediately clear why 
only some of the pelletal phosphorites have been replaced, One 
explanation, following Fleming ( 1974) and Meyers ( 1977), is that silica 
preferentially replaced carbonate sediments. The coquinas, which have 
carbonate incl us ions, were in carbqnate form prior to sil icification 
and, by extension, those pelletal phosphorites replaced by silica may 
have originally formed in a limited lime mud matrix. A second 
explanation is that fluctuation in the pH of the restricted marine 
environment may have caused the precipitation of silica gel. 
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Interpretation of the idealized vertical trench section 
An idealized vertical section of the sedimentary succession in 
the area of the southern trenches and the environmental interpretation 
is shown in Figure 39. The sequence is based on the synthesis of the 
major features observed in the three southern trenches and adjacent 
outcrop data using the established correlations between trenches shown 
in Figure 30 (Chapter V), and shows an overall upward fining character. 
Energy conditions decrease from a maximum associated with matrix-free 
coarse grainstones to a minimum associated with the mudstone and fine 
packstone and increasing terrigenous material at the top of the 
phosphorite sequence. Suspension transport becomes dominant over 
bedload transport. This decrease in energy conditions can be 
attributed to the progressively greater dissipation of current and wave 
action on shoaling sediments as the basin filled. 
It is suggested that the termination of phosphori te 
sedimentation is related to the decrease in energy conditions. As 
energy decreased, the ability of currents to transport, rework and 
winnow coarse grains diminished. At the same time, fine siliciclastic 
sediments which form part of the diluting material throughout the time 
of phosphorite sedimentation, were supplied faster than the currents 
could winnow and transport them. 
7.8 The chert-terrigenous facies 
The siliciclastic and chert units overlying the phosphorite and 
other facies represent a marked change in the dominant type of 
sedimentation from a dominantly phosphorite-carbonate system to a 
dominantly sil ic iclastic and minor carbonate-phosphorite system. 
Normal marine conditions of the chert-terrigenous facies are indicated 
by the presence of well-preserved marine fauna (hyolithids, trilobites 
and brachiopods). However the sparse distribution of this fauna, 
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mainly in thin beds of highly fossiliferous cherty siltstones 
containing one or two species, suggests that the environment was not 
generally favourable for the development of abundant and varied fauna 
but that, intermittently, appropriate conditions were attained. The 
faunal assemblage indicates that some at least of the fauna present in 
underlying facies persisted into the new environment and the state of 
preservation, indicating little transport, suggests the fauna were 
indigenous to the area. The good preservation of the shells, together 
with planar thin laminations of fine siliciclastic sediments - often 
showing internal micrograded bedding - suggest deposition under low 
energy conditions and settling from suspension. The low and persistent 
phosphate content of the siltstones, the presence of sporadic 
phosphatic allochems and the presence of thin, lenticular beds of 
phosphorites indicates that locally, conditions continued to be 
favourable for phosphorite sedimentation. To this can be added the 
fact that coquinitic and pelletal cherts in the facies are similar in 
allochem type and paragenesis (early diagenetic) to those of the 
underlying phosphorite facies although of finer grain size. 
Evidence for the water depth under which sediments of this 
facies were deposited is however inconclusive. None of the sedimentary 
structures observed in this facies is diagnostic of a particular 
environment, and no comparable facies are present in the Trucial Coast 
or in Shark Bay. On the one hand, the broad continuity of energy 
conditions with those of the phosphorite facies and the apparent 
similarity of faunal types make a shallow subtidal or intertidal 
situation plausible. However, the lack of definitive emergent features 
or other evidence of intertidal origin makes an intertidal 
interpretation unlikely. In addition, the fact that the facies has a 
widespread distribution and well-preserved marine fauna makes it likely 
that deposition took place in marine conditions below wave base. 
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7.9 Siltstone facies of the Inca Formation 
The chert-terrigenous facies is conformably overlain by 
laminated siltstones, shales and cherts of the Inca Formation. This 
formation is very widely distributed along the eastern margin of the 
Georgina Basin and is everywhere very similar lithologically and 
faunally (de Keyser and Cook, 1972). The Formation represents a major 
change in the depositional system, although there is a lack of 
agreement about the exact cause of the change. The absence of good 
exposures of this formation in the study area does not permit a major 
contribution to this controversy. tn the area the change is manifested 
principally as a marked faunal change and the almost complete 
disappearance of phosphorites. The typical dominantly benthonic faunal 
assemblage of the underlying facies (hyolithids, brachiopods, 
trilobites, etc.) disappears and is replaced by a sparse association of 
the trilobite Ptychagnostus gibhus, considered to be a cosmopolitan 
planktonic form, and siliceous sponges. 
Lithologically, the Inca Formation is on average slightly finer-
grained than the underlying sil tstones and is also characterised by a 
significant mica content, the presence of finely banded chert and 
pseudomorphs after pyrite. All this evidence suggests that sediments 
were deposited in low energy conditions, . under reducing bottom 
conditions. However, the water depth has not been definitively 
established. De Keyser and Cook (1972) and later Shergold and Druce 
(1980), among others, consider on the basis of its planktonic fauna and 
the lack of evidence for an emergent phase that it represents a 
deepening of the marginal sea. Fleming (1977) proposes a lowering of 
the sea level. 
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CHAPTER VIII 
PHOSPHOGENIC MODELS 
8.1 Introduction 
Before examining the timing of phosphatisation and the 
mechanisms by which a high grade phosphate deposit was formed at Lady 
Annie, this chapter will first discuss very briefly the state of 
knowledge of phosphogenesis, and then describe an area of modern 
phosphorite sedimentation which has broad characteristics comparable to 
the Georgina Basin phosphorites. 
8.2 Review of theories on the genesis of sedimentary phosphorites 
Excellent review articles on the genesis of sedimentary 
phosphorites by Cook (1976), Burnett and Sheldon (1979), Burnett 
( 1980), Slansky ( 1980) and Sheldon ( 1981) provide a fuller discussion 
with a more complete list of references. Slansky (1980) proposes that 
the existence of a major phosphate deposit depends on three main 
factors: 
- a source of phosphorus; 
- conditions favourable for the formation of apatite in the 
sediments; 
- conditions favourable for the accumulation and concentration of 
phosphatic mineral already formed. 
Three main sources of phosphorus for phosphate deposits have 
been proposed: derivation directly from continents, derivation from 
volcanic and other hydrothermal systems, and 
currents. Bushinski ( 1964) and Baturin 
ascending deep oceanic 
(1978) amongst others have 
calculated the immense quantities of phosphorus in solution and 
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associated with mineral gr·ains which rivers bring the the oceans (about 
15 x 107 tonnes of phosphorus per year in solution and 1.5 x107 tonnes 
per year in mineral form, according to the latter). This forms the 
principal primary source of oceanic phosphorus, and Bushinski (1964) 
proposed a direct continental origin for phosphate deposits. However, 
for various reasons, including the organic geochemistry of ancient 
phosphorites (Powell et al., 1975) and the dilution with siliciclastic 
sediments expected in river mouth conditions, it appears unlikely that 
major phosphate accumulations are associated with such a source of 
phosphorus alone (Cook, 1976; Slansky, 1980). 
Both terrestrial and submarine volcanic and hydrothermal 
systems contribute phosphorus to the oceans in gases and in aqueous 
solutions (Sheldon, 1981). However the contribution from these direct 
sources is very small, and ancient phosphorites are associated with, at 
the most; only very minor volcanic detritus and show no consistent 
correlation with periods of volcanic activity (Cook and McElhinny, 
1979). For these reasons a direct hydrothermal source for major 
phosphate deposits is not generally considered likely, although Riggs 
(1979a) suggests that hydrothermal phosphorus is important as a local 
source and may account for large deposits such as the Tertiary Florida 
ones. 
The oceanic upwelling model, first proposed by Kasakov in 1937 
and modified by later authors, is generally accepted by present workers 
as being the principal mechanism by which phosphorus-rich deep oceanic 
waters ascend to near-surface situations on continental margins. 
Either large scale coastal and equatorial divergent upwelling or 
dynamic upwelling produced by topographic highs can be invoked for most 
ancient and modern phosphate deposits and is considered to provide the 
principal source of phosphorus. De Keyser and Cook (1972), Cook (1976) 
and Fleming (1977), however, have pointed out the difficulty in 
r 
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applying simple upwelling·models to phosphate deposits developed on the 
margins of broad shallow seas such as the Cambrian Georgina Basin and 
suggest that here, small-scale dynamic upwelling can occur in very 
shallow water depths. Provided current action is strong, currents may 
sweep nutrient-rich waters from outside the shelf into shallow areas. 
De Keyser (in de Keyser and Cook, 1972) and more recently Howard and 
Hough (1979) suggest however that a direct fluvial source of phosphorus 
together with marine phosphorus is likely in these situations. 
Upwelling waters provide a pientiful supply of nutrients for 
the development of abundant marine organisms which, it is generally 
accepted, play an essential role in the primary concentration of 
phosphorus in sediments. Gulbranson (1969) has noted that sedimentary 
apatite finds conditions favourable for its formation in areas where 
organic matter accumulates in oxygenated waters of higher than normal 
temperature, pH and salinity. Organisms provide 
sediments both as phosphatic skeletal material 
phosphorus to 
(mainly certain 
inarticulate brachiopod s in the case of lower Palaeozoic deposits) and 
as organic matter although, as Slansky and Fauconnier (1973) point out, 
a suitable trap situation is necessary in order to prevent solution and 
dispersion of the contained phosphorus after decay of the organisms. 
The decay of organic matter produces an enrichment in phosphorus in 
interstitial waters at the sediment-water interface which become 
supersaturated with apatite. Direct precipitation of apatite during 
diagenesis may therefore take place and at the same time replacement of 
calcium carbonate shell material and fecal pellets may · occur (Atlas, 
1975; Lyons, 1979). According to Soutar and Burnett ( 1 979) , the 
distribution of apatite forming in present oceans shows that 
phosphorite tends to form near the upper and lower margins of the zone 
of lowest dissolved oxygen. This zone varies in water depth according 
to the environment and 11ay be as deep as 500 m along the Peru-Chile 
trench. Petrographic evidence in the form of phosphatic oolites and 
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reworked fine - grained phosphatic intraclasts has been used to suggest 
the possibility of direct chemical or biochemical precipitation of 
apatite from sea water (Sheldon, 1981). However the physical-chemical 
conditions under whi.ch this may take place are uncertain. 
The formation of apatite in sediments does not, by itself, 
necessarily produce high grade phosphate beds and therefore mechanisms 
of concentration must operate (Slansky, 1980; Sheldon, 1981). Sheldon 
(1981) proposes three mechanisms: winnowing, reworking and weathering. 
Winnowing is the selective size sorting by current action in which fine 
material is removed and deposited elsewhere and coarser grains are not 
significantly transported but remain as lag deposits. Bushinski (1964) 
proposed that phosphatisation and winnowing occurred in alternating 
periods of quiet and rough water: 
" 
during a stag~ of quiet water the remains of dead 
plankton sink to the bottom even on shoals, where as a 
result of their decomposition phosphorite pellets, oolites 
and concretions are formed. In a state of rough waters or 
storms these structural elements are washed and fine 
admixtures are carried aw~y." 
This model appears to be compatible with the presently accepted 
theories of phosphatisation discussed above and is capable of 
explaining many of the textures and bed forms associated with ancient 
phosphorites. Bushinski (1964) does not however mention original 
carbonate skeletal fragments as an important. allochem . component of 
phosphorites and their presence, particularly if well rounded, would 
appear to complicate his model since the question arises as to whether 
the fragments were phosphatised prior to or following the transport 
that their rounding implies. 
Reworking involves the transport of phosphatic particles and 
their redistribution according to the sedimentary processes operating 
in the environment. It has frequently been called on to explain the 
presence of particles such as intraclasts derived from older formations 
which are commonly incorporated in younger formations (.Sheldon, 1981). 
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The transport that is implied by reworking introduces the concept of 
sedimentary traps for phosphati0, sediments, a concept first suggested 
by Baturin (1971) and lately developed by Riggs (1979b) to explain the 
formation and distribution of the Mio-Pliocene Florida phosphorites. 
Riggs suggests that the vast majority of the phosphatic allochems which 
make up the high grade deposits of the province are intraclasts formed 
by the physical or biological break-up and subsequent reworking of 
semi-li thified mud stone phosphorite ( "microsphori te" in the terminology 
of Riggs) which in turn was precipitated chemically or biochemically in 
the vicinity of topographic highs. The resulting allochems were 
transported as elastic particles and accumulated in adjacent entrapment 
basins and on the flanks of structural highs. Although the Florida 
model is based primarily on phosphorites formed of intraclast 
allochems, it embodies concepts of transport and concentration of 
phosphatic allochems to sedimentologically favourable areas which can 
be usefully applied to phosphorites of other grain types. In 
particular it suggests that the areas of phosphorite generation (the 
phosphate "machine") may be located some distance away from areas of 
large high grade concentrations. Slansky (1980), however, prefers a 
model of deposition close to the source of the organic matter and 
suggests that winnowing and weathering are the main factors producing a 
high concentration of phosphate in the majority of deposits. 
Weathering may play an important role in the concentration of 
phosphate. Several processes are recognised, including: 
- the oxidation of organic matter; 
- the leaching of more soluble minerals such as carbonates to form 
residual deposits; 
- the solution, redeposition and neoformation of phosphate minerals; 
- the replacement of minerals or rocks. 
However, under some conditions, such as lateritic weathering, phosphate 
concentration may be reduced (Slansky, 1980; Sheldon, 1981 ). 
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8.3 Marine phosphorites otf Baja California, Mexico 
In their search for possible modern phosphori te deposition al 
models analogous to the Duchess phosphate deposit, Russell and Truell1an 
( 1971) suggested the marine phcsphorites of the Santo Domingo embayment 
off Baja California described by d'Anglejan (1967). The deposit in the 
Santo Domingo t'rrJbayment forms part of an extensive shallow platform 
marginal to the west coast of Baja California, and is located between 
latitudes 25° and 26°30 1 N (Figure 40). In this area the shelf is a low 
relief feature up to 80 km wide sloping seawards to a maximum depth of 
200 m; a trough along the edge of thr~ .·;;hd f is flanked on its seaward 
side by a series of submerged ridges 1411 i.uh limit the free exchange of 
water between the shelf and the open ocean. ~ semi-arid climate 
characterises the region, annual precipitation averaging 12 cm and 
occurring mostly during the summer. months. The few streams flow only 
d llr ing rare torrential rainfalls. The southern coastline is 
characterised by dune barriers protecting lagoons. Tidal range is only 
1.5 to 2 .m, and longshore transport along the coast is to the south, 
generated by northwest swells. Local upwellings are a stable seasonal 
feature along the coast, and are associated with an oxygen deficient 
layer and high zooplankton productivity, which leads to the deposition 
and preservation of large volumes of organic detritus in the sediments, 
mostly associated with muds in offshr)t"·e situations of the shelf. 
Concentration of phosphori tes 011 the shelf varies locally 
(Figure 39) but the deposit forms a relatively continuous unit with 
sharp boundaries offshore as well as onshore. The richest phosphorite 
occurrences (15-IW% P2o5 ) are found in quiet environments on the 
onshore side of the shelf in water depths of 50 to 100 m. Phosphate 
pdlets forming concentrations of up to 20% are found in dunes of 
modern coastal sand barriers and in partly buried ancient dunes in 
lagoons. The phosphorites are bedded, associated with opaline silica 
113° 
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Flg.40: Phosphate distribution on the continental shelf off Bala California, Mexico 
(after D'Anglejan, 1967). 
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and calcareous black shales rich in organic matter. They are composed 
predominantly of fine - grained, well sorted, structureless pelletal 
collophane grains which occasionally show concentric rims due to zonal 
staining by diffuse organic matter; opaline silica commonly fills 
surface cavities or occurs as a very fine envelope around the pellets. 
Coarse skeletal particles are principally phosphatic brachiopod shell 
fragments. Previous drainage has greatly influenced the grade of 
phosphorites by diluting them with fine terrigenous sediments, and fine 
detrital quartz and deeply altered· feldspar grains are scattered within 
the phosphatic groundmass of the pellets. Replacement of biogenic 
carbonate by phosphate has been observed rarely on the upper 
continental slopes at depths of about 750 m and is not thought to have 
taken place on a large scale. Isolated rare nucleated silt-sized grains 
have been found in sediments of the zones richest in phosphorite, and 
according to d'Anglejan (1967) they represent "unique cases of apatite 
redeposition around nuclei in the saturated interstitial environment of 
the deposit". This author notes further that interstitial deposition of 
phosphate is likely to have been more important than direct 
precipitation from the sea waters. 
The distribution of phosphorites on the Santo Domingo platform 
is controlled by the same processes of reworking as the terrigenous 
component with which they are intimately mixed. There is a definite 
correlation between phosphatic concentration and the coarser sediments 
(fine sand) on the continental platform. The intensity of reworking of 
the sediments is indicated by a close parallelism in grain size 
frequency distribution and sorting between the phosphatic and 
non-phosphatic sand sized fractions. Apatite deposition under present 
conditions is indicated to be extremely slow, and d'Anglejan (1967) 
suggests that "the deposit would be residual either in part or totally 
and dates back to some previous marine transgression of the present 
platform in Pliocene or Pleistocene times". In the course of the last 
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transgression phosphori tes· appear to have been carried down over short 
distances to the temporary shoreline by streams and incorporated 
subsequently into beach deposits. In the present state of evolution of 
the deposit the phosphorite-rich sediments of the central shelf are 
within a quiet environment of little or no deposition, while part of 
the deposit now nearshore and on beaches is undergoing reworking and 
temporary burial. 
Russell and Trueman (1971) identified three main ways in which 
the Duchess deposit resembles the Santo Domingo embayment, and these 
may be extended to the Georgina Basin as a whole. They are: 
- Regional setting: a seaward boundary consisting of a series of 
ridges limiting the exchange of water between the shelf and the 
open ocean; a semi-arid climate; the low relief of the coast; 
- Physico-chemical conditions: by mixing of currents, an 
oxygen-deficient, phosphate-rich layer of water is produced and 
displaced into the embayment; 
High productivity of the fauna: Large volumes of organic detritus 
are deposited and preserved due to the restricting bottom 
conditions. 
Other similarities include: 
- The typical association of carbonate-phosphorite-chert and 
siliciclastic sedimentation 
- The role of reworking in the sediment distribution. 
8.4 The Western Lady Annie phosphogenic sys~em 
The principal concern of this study has been to determine those 
sedimentary mechanisms relevant to the accumulation and concentration 
of phosphate rock at the Western Lady Annie deposit and the conditions 
under which those mechanisms operated. The more theoretical aspects of 
the original source of phosphate and the detailed mechanisms of 
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phosphatisation are not principal concerns of the study although some 
of the findings bear on these aspects, It is apparent that all three 
processes of concentration of phosphorites proposed by Sheldon (1981) 
- winnowing, reworking and weathering - have played an important role 
in the formation of the Lady Annie deposit, and as a result of the 
present study a fourth process, compaction, can be added. 
Previous workers in the Georgina Basin have tended to focus 
their attention on explanations of the original source of phosphorus 
and on the primary or secondary origin of the phosphorites (de Keyser, 
1969; Russell and Trueman, 1971; de Keyser and Cook, 1972; Howard, 
1972; Fleming, 1977) and al though recognising the importance of 
winnowing and weathering in phosphorite concentration, have not 
discussed thoroughly the possibility of reworking and transport. Most 
authors have attributed phosphatisation to an in situ process. At Lady 
Annie, the in~ replacement of original carbonate skeletal material 
was implied by Rogers and Keevers (1976), who suggested that pelletal 
phosphorites formed as lag deposits following the winnowing of finer 
material. The mudstone phosphorites were interpreted as primary 
sediments deposited at lower energy conditions than the pelletal 
varieties; this view is conditionally supported by Fleming (1977), who 
prefers a primary origin for the mudstone phosphorites although 
admitting the possibility of replacement of an original carbonate mud. 
At the D Tree, Sherrin Creek and Wonarah deposits, Howard and Hough 
(1979) proposed an in situ replacement of a carbonate mud at the 
sediment-water interface for the dominantly mudstone phosphorites of 
these deposits, although noting that on the basis of petrographic and 
geochemical data direct precipitation of carbonate fluorapatite was 
al so possible. At the Duchess deposit, where both pelletal (mainly 
ovulitic) and mudstone phosphorites occur, Russell and Trueman (1971) 
suggested that, by analogy with the "microsphorites" of the Florida 
deposits, the mudstone phosphorites were orthochemical phosphorites. 
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Although recognising that definite evidence for the origin of ovules 
was not available, they established that these grains were transported 
and winnowed. In a later paper, Fleming (1977) presented evidence that 
the phosphatic ovules at Duchess originated from the early diagenetic 
replacement of micrite pellets of probable fecal origin. 
Several characteristics of the pelletal phosphorites at Lady 
Annie are relevant to a discussion of their formation. In the first 
place, as shown earlier, textural fabrics, grain type and morphology 
indicate that transport, reworking and winnowing were important 
sedimentary processes and that sediments making up the phosphorites 
were essentially elastic deposits accumulated under the influence of 
currents, with the majority of allochems likely to have been derived 
from outside the study area. In the second place the importance of 
skeletal allochems is definitive evidence for a carbonate precursor for 
the majority of grains. 
However the time and location of the earliest phosphatisation 
remains uncertain. Since the secondary mobilisation of phosphate, 
silica and iron and manganese oxides through the weathering profile has 
prevented the establishment of a paragenetic sequence of diagenetic 
events, it could not be determined from petrographic evidence if 
skeletal grains were phosphatised prior to o.r following transport and 
abrasion, if intraclasts were derived from an original carbonate or 
phosphate mud, or if mudstone and wackestone phosphorites were 
deposited as original carbonate or phosphate sediments. It is clear, 
however, that if phosphatisation took place within the environment, it 
was a very early diagenetic process since it occurred before the early 
diagenetic silicification of coarse grainstone or packstone phosphorite 
beds. It is also clear that, if U1 §.!1!d phosphatisation took place, it 
must have been closely followed by winnowing, to account for the 
dispersed fine fraction and the retention of fabric-supported 
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grainstones and packstones. An in situ process is favoured by the 
occurrence of significant phosphate in all facies except the basal 
conglomerate-sandstone facies and the Inca Formation. Particularly in 
the case of the oncolite facies, phosphatisation would indicate an in 
~ process; however, evidence for this is not conclusive and 
phosphatisation here could well be due to secondary remobilisation. 
Entrapment of phosphatic allochems rather than in situ 
phosphatisation is proposed as an alternative hypothesis for the 
Western Zone Lady Annie phosphorites in which accumulation in 
favourable areas and winnowing both were part of the same depositional 
system. This follows the concept of "entrapment basin" proposed by 
Riggs ('1979) for the Florida deposits, with the major qualification 
that while the Florida deposits are largely composed of intraclasts 
derived from the reworking of semi-lithified mudstone phosphorites, the 
phosphorites of the Lady Annie deposit consist dominantly of 
phosphatised skeletal and ovulitic grains. By inference, the mudstone 
phosphorites in the area of the trenches are considered to have derived 
from the biological and/or mechanical attrition of coarser grains and 
accumulated mainly from suspension as very fine detrital particles in 
areas of lower energy, when they were diluted with fine-grained 
siliciclastic sediments. The main argument against this option i's that 
several authors (Russell and Trueman, 1971; Cook, 1972) have reported 
differences in the crystal forms and lattice structure between the 
apatite in the pelletal grains and in the mudstone phosphorites. 
The contributions made by d'Anglejan's (1967) study of the 
phosphorites of the Santo Domingo Embayment indicate how upwelling 
off-shore oceanic waters may be moved into nearshore shallow shelf and 
coastal situations. The high volume of organic matter produced by 
prolific faunal activity associated with the upwelling, and its 
preservation due to the presence of an oxygen-deficient layer, creates 
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conditions suitable for phosphogenesis. The study shows clearly the 
role played by reworking and re-distribution in the formation of the 
present deposit. These processCc~s are similar to ones envisaged as 
having operated in the Lady Annie embayment, particularly those which 
gave rise to the formation of phosphorites in lagoon and barrier 
situations, which are the most similar to the Lady Annie area in 
morphology and scale. 
Major differences between the Lady Annie and the Santo Domingo 
embayments include: 
a) the dominant skeletal composition of phosphorites at Lady Annie and 
the obvious role of carbonate replacement that this implies; 
b) the generally larger maximum grain size of the Lady Annie sediments 
(coarse sand) compared to that of the Santo Domingo sediments (fine 
sand); 
c) Lady Annie was sev,eral hundred kilometres from the deep ocean, 
whereas Santo.Domingo is very close to open ocean. 
The formation of the phosphorite deposit of the Western Zone 
principally by the reworking and transport of previously phosphatised 
allochtonous grains is preferred since it seems to fit the observed 
textural, morphological and faunal characteristics of the deposit in 
the most logical and economical manner. In particular it accounts for 
the pattern of transport, reworking and winnowing observed in these 
sediments and avoids the necessity for episodic cycles of high and low 
energy conditions which would be implied by !!!. §.i1.y phosphatisation, as 
suggested for example by Bushinski (1964). 
Apart from the sedimentary factors discussed above, two other 
factors - compaction and weathering - have played important roles in 
the concentration of phosphate. .Compaction acted to reduce pore space, 
thus increasing the packing density of grains and hence the average 
phosphorite grade of the deposit. As a result of compaction, pseudo-
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laminae composed of densely packed collophane grain fabrics contain 
very high P2o5 values (up to 383). In reducing pore space, compaction 
also may have led to the expulsion of gangue minerals, may have 
inhibited the growth of authigenic gangue minerals, and probably 
restricted water circulation through the sediments. Weathering appears 
to have had both positive and negative effects on the phosphate content 
of the deposit. Residual enrichment by the leaching of carbonates from 
the phosphorite sequence is suggested by the virtual absence of these 
despite the abundance of surrounding carbonate environments and only 
very minor quantities of dolomite have been observed in the X-ray 
diffractograms of phosphorite samples. Dissolution of carbonates may be 
accompanied by an increased phosphate content of the apatite due to 
concomitant leaching of co2 and F from the structure of the mineral 
(Lucas et al., 1979). On the other hand redeposition of phosphate in 
the weathering profile has produced secondary enrichment of phosphate 
although it was not possible to ascertain how far this contributed to 
the deposit. However weathering has also had the negative effect of 
introducing secondary silica and iron and manganese oxides. 
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CHAPTER IX 
IMPLICATIONS OF THE STUDY 
9. 1 Introduction 
The principal aim of this study was to contribute to the 
knowledge of those conditions responsible for the formation of a major 
phosphate deposit in the Western Zone of Lady Annie, through the 
development of a sedimentary model. The development of such a model 
will conceivably help to explain the lateral facies changes that occur 
in the Western Zone of the Lady Annie deposit. It may also provide a 
more generally applicable phosphate sedimentation model which can be 
used for the recognition of similar environments in other areas of 
known or potential phosphorite deposition. 
9.2 The phosphate sedimentation model: a review 
A summary of the main factors which have been considered in the 
environmental interpretation of the Lady Annie area is presented below: 
a) Regional setting: The Lady Annie-Lady Jane phosphate deposits are 
discrete deposits which form part of a more extensive phosphogenic 
province developed during lower Middle Cambrian time on the eastern 
margin of the Georgina Basin. The Georgina Basin is considered to 
have been a broad and stable epeiric or epicontinental sea located 
at a low latitude. 
b) Local setting: The deposits occur within an outlier surrounded by 
Proterozoic basement rocks. Within the outlier the contact of 
Cambrian sediments with Proterozoic is unconformable to the south 
and east, while on the western side the contact is faulted along 
the Western Fault. A northerly-trending line of basement inliers 
known as "Trueman's Bank" lies in the centre of the outlier 
dividing the area into the Western and Eastern Zones. 
was restricted to consideration of the Western Zone. 
219 
This study 
c) Palaeogeography: Cambrian sedimentation in the outlier is believed 
to have taken place in a complex system of offshore bar, 
lagoon-embayment and nearshore environments developed in a shallow 
asymmetric depression which was flanked on its seaward side by 
emergent and semi-emergent basement strike-ridges. Study of the 
Western Zone indicates that sedimentation was strongly controlled 
by basement topography and tectonics. The ~mbayment was deepest 
along its faulted western flank and shallowed progressively 
eastwards towards an irregular basement shoreline. The Western 
Zone was probably open to the Georgina Basin epeiric sea along its 
long western flank but protected from direct open marine influence 
by the emergent basement areas of the Western Fault block. 
d) Physiography: At the time of phosphorite deposition, the 
Proterozoic hinterland was probably of low relief. The climate was 
semi-arid and streams provided only minor amounts of siliciclastic 
sediments. 
e) Hydrography: Maximum initial water depth was of the order of 40 m 
but was probably considerably less during the bulk of phosphorite 
deposition. The presence of oncolites provides good evidence of 
very shallow conditions (shallow subtidal to intertidal) in facies 
laterally equivalent to the phosphorites. Salinity in the deeper 
embayment areas was normal but may have varied from normal to 
hypersaline in intertidal to supratidal areas according to the 
restriction of the environment. Tidal range appears to have been 
microtidal (less than 2 m) and the current pattern is indicated to 
have been bipolar and parallel to the shore with a dominant 
southerly component. 
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· f) Sedimentary processes~ Semi-emergent and emergent topographic 
highs of the Western Fault block are believed to have formed the. 
nuclei for the accretion of coarse skeletal and ovulitic phosphatic 
sand which was swept into the embayment by waves and tidal and 
longshore currents and formed the source of the allochtonous 
phosphatic materia+ of the embayment plain. It is inferred from 
sedimentary structures that tidal currents and to a lesser extent 
wave · processes within the embayment were the main agents 
influencing the formation of sand bodies in deeper subtidal areas 
(embayment plains). Currents strong enough to transport, rework 
and winnow coarse sediments produced the typical mature textured 
grainstone and packstone phosphorites. 
muds, phosphatic siltstone, mudstone 
Finer sediments (carbonate 
phosphorites and fine 
siliciclastic material) winnowed from the coarse fractions were 
transported and deposited in quieter areas where they settled 
largely from suspension. 
g) Resultant facies: Facies distribution was controlled principally 
by the morphology of the embayment which exerted both a regional 
and local control over the pattern of sediment accumulation. 
Carbonate muds, oncolites, skeletal sand, siliciclastic and 
phosphorites were deposited in a complex mosaic of nearshore 
microenvironments. The main phosphorite deposition took place in 
subtidal conditions of the embayment plain while a shallow subtidal 
to intertidal carbonate platform fringed the shore areas. Shallow 
water facies around the north-trending inliers of "Trueman's Bank" 
suggest that parts of these areas emerged as basement islands. 
Facies distribution in the environment may be summarised as 
follows: 
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Embayment plain 
In the deeper-water areas adjacent to the Western Fault 
sediments are of four types: 
1. Coarse skeletal and ovulitic grainstone to packs tone 
phosphori tes, composed dominantly of calci-sponges and 
echinoderm fragments, were deposited as .low shoals and 
banks in areas of relatively high energy. 
2. Thin beds of more indigenous fauna (dominantly trilobites, 
bivalves, hyolithids and gastropods) associated generally 
with the coarser phosphorites and preferentially subjected 
to very early diagenetic silicification. 
3. Finer-grained packstone, wackes tone and mud stone 
phosphorites were deposited in quieter conditions. It is 
suggested that these sediments were more important in the 
more restricted environments of the Eastern Zone and 
towards Lady Jane. 
4. Fine siliciclastic sediments (dominantly quartzose 
siltstones) form lenses within the phosphorites and are 
probably the product of intermittent and local supply of 
detrital terrigenous material by streams. 
Shallow platform areas 
In nearshore areas,. particularly along the eastern 
margin of .the embayment and surrounding "Trueman's Bank", 
sediments built up a shallow carbonate platform. Beach and 
shallow subtidal shoal deposits of coarse sand to gravel sized 
skeletal fragments formed in higher energy conditions while 
oncolites were associated with carbonate muds in more protected 
areas; fine-grained phosphorites probably also developed in 
similarly protected areas in environments ranging from subtidal 
to supratidal. 
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h) Grain types: Collophane grains of the grainstone and packstone 
phosphorites have a similar morphology and structure to carbonate 
grain types in carbonate environments. The collophane grains, like 
the carbonate grains, have clearly experienced transport, reworking 
and winnowing and fur the purposes of sedimentological 
interpretation both can be considered to be elastic grains. Five 
phosphorite grain types have been recognised: 
1. Skeletal grains of elastic biogenic origin, generally forming 
50-70% of total grains. Most of these grains are well rounded 
calci-sponges or echinoderm fragments of undoubted original 
carbonate composition. 
2. Structureless ovulitic grains of unknown origin generally 
making up 30-50% of total grains. 
3. Well rounded intraclasts (up to 5%). 
4. Nucleated and polynucleated pellets (rare). 
5. Oolites (extremely rare). 
i) Holocene sedimentary analogues: In the search fur modern 
sedimentary models possibly applicable to the study the following 
factors were considered: 
1. The detailed study of the Western Zone indicates that 
sedimentation took place in relatively shallow water in a 
nearshore situation peripheral to an epeiric sea. Evidence for 
this comes mainly from the typical shallow marine benthonic 
fauna, sedimentary structures and in particular the presence of 
oncolites. 
2. The phosphorite grains have a morphology similar to carbonate 
grains (ovules, intraclasts, nucleated pellets, oolites and in 
particular fossil fragments) and therefore they may be regarded 
as elastic biogenic grains for which the elastic carbonate 
grains form an excellent analogue. 
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After an extensive review of the literature it was 
concluded that two typical carbonate depositional systems, the 
Trucial Coast of the Persian Gulf and Shark Bay in Western 
Australia may provide an insight into the processes observed at 
Lady Annie. 
A. Trucial Coast 
Within the Trucial Coast particular attention was given 
to the Khor al Bazm Lagoon which is situated on the margin 
of a very shallow sea the Persian Gulf at a low 
latitude (24-25°N). Here the major pre-Holocene feature of 
the coastline was a shallow westerly plunging regional 
depression flanked by Pleistocene limestone rock ridges 
which also plunged to the west. The limestone strike-ridges 
and the depression appear to be related to the regional 
structural system of the Pleistocene sediments. In the 
first stages of the sedimentary history of the lagoon 
coarse sediments accreted around topographic highs. Other 
similarities include the conditions favouring the prolific 
development of organisms, the control of the facies pattern 
by topography, and the sedimentary processes which give 
rise to similar grain types and morphology. 
B. Shark Bay 
Similarly, Shark Bay shares several features with 
the Lady Annie area such as the elongate semi-restricted 
asymmetrical nature of Shark Bay and its location adjacent 
to hinterland of low relief at a low latitude (24°30'S to 
26°45'S). Shark Bay is bordered by a narrow, shallow 
subtidal to intertidal carbonate platform where wave action 
complements tidal action and longshore drift. 
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The intertidal zone of Shark Bay contains both beach 
coquinas and algal mats and the shallow platform 
environment gives way to deeper water of the embayment 
plains. 
However, no phosphorites have been recorded from either the 
Trucial Coast of Shark Bay and both areas are of interest 
principally from a sedimentological point of view. 
j) Phosphogenic model: The principal concern of this study has been 
to determine those sedimentary mechanisms relevant to the 
accumulation and concentration of phosphorites at the Western Lady 
Annie deposit and the conditions under which those mechanisms 
operated. The principal factors determined in this respect are the 
following: 
1. The start of major phosphorite accumulation coincides with the 
development of high biological productivity associated with a 
widespread Middle Cambrian marine transgression and the 
resultant opening of the Lady Annie embayment to highly 
nutrient-rich marine waters. 
2. Replacement of carbonate skeletal grains appears to have been 
an important process in the formation of the apatite grains 
which make up the grainstone-packstone phosphorites of the 
deposit. Other grains, however, provide no clue as to whether 
they are "primary" phosphorite grains or a diagenetic 
replacement, though the latter is judged more likely. 
3. The concept of "entrapment basin" is applicable to the Lady 
Annie embayment since the phosphorites show clear evidence of 
reworking and transport and distribution according to current 
action and appropriate energy conditions. It is envisaged, 
therefore, that the phosphorite grains formed primarily outside 
the study area, possibly in areas closer to the original 
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habitat of the calci-sponges and echinoderms which make up a 
major proportion of phosphatized skeletal fragments. 
4. Concentration of phosphate was largely the result of 
accumulation of phosphate grains in favourable areas and of 
efficient winnowing which selectively separated coarse from 
fine fractions, leaving relatively pure pelletal phosphorites 
in higher energy areas and fine - grained phosphorites, 
frequently admixed with fine siliciclastic sediments, in lower 
energy areas. 
5. The grade of the phosphorites is enhanced by compaction, which 
by reducing pore space inhibited the development of gangue 
minerals which would have reduced the grade of the deposit. 
Laminae of highly compacted grains are composed of almost pure 
collophane and significantly increase the grade of the pelletal 
phosphorites in which they occur. 
6. Weathering resulted in the leaching of the more soluble 
minerals (especially carbonates) and the oxidation of organic 
matter and the neoformation of phosphate minerals. However it 
is also responsible for the introduction of some secondary 
silicification and iron and manganese oxides which have 
decreased the grade of the deposits. 
7. Phosphorite accumulation diminished as the embayment filled and 
current energy became insufficient to transport sand-sized 
allochems; subsequent flooding of the embayment by 
siliciclastic sediments marked the end of economic phosphorite 
concentration although conditions continued to be potentially 
favourable. 
k) Implications for phosphate exploration: The Lady Annie deposit is 
broadly similar in setting and process to the other deposits of the 
Georgina Basin and to ancient sedimentary phosphorites elsewhere. 
Its location in an embayment on the edges of a major oceanic water, 
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the association of phosphorites with chert, carbonates and shales 
and the association of phosphorites with high rates of organic 
productivity and a marine transgression are features shown by 
deposits such as the phosphorites of the Santo Domingo Embayment 
off Baja California. 
The sedimentary model proposed for the Western Zone of Lady 
Annte, that of a complex subtidal-intertidal system in which 
numerous facies are. distributed according to the influence of 
several variables, underlines the importance of a sound 
understanding of sedimentary environments in phosphate exploration. 
A sedimentological understanding is important for the recognition 
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of suitable structural or sedimentary trap situations at the margin 
of oceans or seas; secondly, in the recognition of facies 
distribution within a suitable embayment and the identification of 
environments ranging from supratidal, intertidal to sub tidal; and 
thirdly, in the recognition of the role of sedimentary processes in 
the distribution of different types of phosphorites in these 
environments. This is in sharp contrast to such classical deposits 
as the Phosphoria Formation which are considered to have been 
deposited in water depths of hundreds of metres. 
9.3 Summary of the depositional history of the Western Zone 
As a result of field mapping, eight sedimentary lithofacies 
were established for the study area: the basal conglomerate-sandstone 
facies, the undifferentiated carbonate facies, the laminate facies, the 
oncolite facies, the skeletal facies, the phosphorite facies, the 
chert-terrigeonous facies and the siltstone facies of the Inca 
Formation. 
Sedimentation in the area probably commenced following minor 
tectonics which produced a half-graben on the down-faulted eastern side· 
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of the Western Fault. Thin immature fluvial deposits of the basal 
conglomerate-sandstone facies represent high energy conditions and are 
possibly the distal portions of alluvial fans developed consequent on 
the tectonic activity. Marine conditions of a first transgressive 
phase were imposed rapidly and most of the fluvial sediments were laid 
down under near-shore paralic conditions and admixed with carbonated 
mud. Sediments of the undifferentiated carbonate facies are the main 
products of a widespread carbonate system and were deposited in a 
complex mosaic of subtidal to intertidal environments. The extensive 
dolomitisation of this facies was probably an early diagenetic event, 
although clear evidence for this 
recrystallisation. 
has been masked by later 
A short regressive phase resulted in shallower conditions and 
seaward progradation of the ·coastline; the laminate facies are 
interpreted as silicified cryptalgalaminites similar to those forming 
in high intertidal and supratidal conditions of modern carbonate tidal 
flats. Definitive evidence for emergence comes mainly from the Eastern 
Zon~ where halite formed during this time. 
The second and more important transgressive phase commenced 
with the opening of the embayment to more normal marine conditions, the 
accompanying development of abundant organic productivity and the 
beginning of major phosphorite accumulation. Sediments in this phase 
are characterised by numerous micro-environments which coexisted 
perpendicular and parallel to the shoreline. The oncolite facies, the 
skeletal facies and the phosphorite facies represent this phase. 
Facies distribution and their environmental interpretation have been 
thoroughly discussed in the previous section. In general, the 
phosphorites are believed to have been deposited mainly in subtidal 
conditions. The vertical sequence of the phosphorites in the southern 
trenches shows a typical upward fining character which is interpreted 
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as a gradual decrease in energy conditions of the environment probably 
due to the reduction of water depth as the embayment filled. Finer 
sediments became progressively more important as currents became less 
able to transport and winnow coarse sediments. Phosphorite 
accumulation terminated with the introduction of fine siliciclastic 
sediments of the chert-terrigenous facies. The water depth during the 
deposition of this facies is uncertain, though its widespread nature 
and its lack of subaerial sedimentary structures make deposition in 
quiet subtidal conditions the most probable. 
The last phase of Middle Cambrian sedimentation preserved in 
the Western Zone of the Lady Annie deposit is represented by the 
siltstone facies of the Inca Formation. Energy conditions were quiet 
and bottom conditions almost certainly reducing. It is most likely 
that deposition of this facies accompanied a renewed transgression, 
associated with an abrupt change in environmental conditions. This is 
reflected in a replacement of the varied, benthonic fauna of the 
preceding facies by a cosmopolitan pelagic fauna and the termination of 
conditions favourable for major phosphorite formation. 
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